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Abstract
This thesis deals with structures and processes related to failure mode transition in normal faults in
mechanically layered sediments. Dilatant, hybrid and shear mode faults are common in the upper
crust and associated with different deformation processes, fault and fracture geometries and transport
properties. Fault systems are of great importance for applications such as hydrocarbon exploration
and production, groundwater flow, hydro-thermal systems, CO2 sequestration and natural hazard
assessment. However, our knowledge of faults still has room for improvement and here I address
some issues more or less directly related to different failure modes and mechanical stratigraphy.
To this end a variety of methods, including analogue modeling, field work and numerical flow
simulations are used to determine a general structural trend from dilatant to shear failure mode
and later on to study details of fault zones in some of these settings. This failure mode transition is
the central theme of my thesis.
While some experimental studies have been done on failure mode transition in experimentally
deformed samples and 2-D discrete element models, we lack a good understanding of the effect of
failure mode transition on 3-D structures on normal faults. This is addressed in Chapter 3 of this
thesis. Here I present a series of scaled analogue models of normal faulting using cohesive powder
embedded in cohesionless sand. By varying the overburden thickness, the failure mode changes from
tensile to hybrid and finally to shear. 3-D investigation of the hardened and excavated cohesive
layers shows three structural domains: (1) The tensile domain is characterized by steep open fissures
and sharp changes in strike at segment boundaries and branch points; (2) the shear domain shows
shallower fault dips, fault planes develop striations and map-view fault traces undulate with smaller
changes in strike at branches; (3) the hybrid domain shows characteristic features of dilatant and
shear domain, alternating both laterally and vertically. These attributes can be recognized in
map-view, which is a useful tool in understanding and interpreting further work in this thesis.
I study dilatant faults in the graben system of Canyonlands National Park, Utah, USA (Chap. 4).
Here, I present results of ground-penetrating radar (GPR) surveys in combination with field
observations and analysis of high-resolution airborne imagery. This study shows that Quaternary
sediments at the flat graben floors are intensely faulted, implying a more complex fault structure
than visible at the surface. The presence of sinkholes gives insights in local dilatancy and shows
where water and sediments are transported underground. These field observations are later compared
with a series of scaled analogue models using cohesive powder in a half-graben setting (Chap. 5).
Pre-formed vertical, cohesionless joints in the upper 5 cm of the model vary in strike direction
with respect to a predefined basement fault, to cover a range of joint-fault angles observed in
Canyonlands NP. The surface trace of faults follows the joints geometry to a certain extent and
therefore, fault geometry and amount of secondary fractures differ strongly from experiments without
joints. Map-view analyses show that with increasing angle between joint-set and basement-fault
strike the number of secondary fractures and the number of connected joints increases, while the
area fraction of massively dilatant fractures shows only a minor increase.
The transition from dilatant to hybrid mode faulting in this thesis is explored by a ’proof-of-
concept’ study on salt intrusion into underlying normal faults (Chap. 6). The motivation of this
project is the deformation-rate depending lubricating effect of the rock salt on the fault movement
and potential effects on induced seismic events in the Groningen gas field. We combine cohesive
powder as analog for brittle carbonates with different viscous salt analogs in two experiments.
Using resin as salt analog shows the resulting geometry of salt in the faults which form in dilatant
mode as result of low overburden stress. Using transparent silicone oil as salt analogue allows
dynamic observation of the developing fault geometry, where faults form in hybrid mode due to
larger overburden stress.
I present a study on hybrid failure in clay smears with 3-D structural investigation and flow
measurements (Chap. 7). Despite numerous published outcrop and analogue studies, this structural
domain is underrepresented in current research. Water saturated sandbox experiments with large
clay smear surfaces (500 cm2) are coupled with across-fault flow measurements to determine the
dynamic permeability evolution. This is combined with structural analyses of excavated clay smears.
We observe an initial hybrid failure of the clay with early breaching of the clay layer and increased
cross-fault flux, followed by subsequent phases of fault back-stepping, shearing and reworking. We
find diagnostic relationships between fault structures and flow responses that allow a prediction
of fluxes from observed structures or vice versa. In addition to simple single-layer experiments
we present experiments with two source clay layers, which show a different characteristic flux
response with a generally lower permeability at the same total clay volume in the faulted sequence.
Experimental observations are then compared with numerical flow simulations using finite element
method (FEM) in 2-D and 3-D, showing a good fit between the measurements and flow simulations.
The thesis concludes with an outcrop study on clay smears forming in shear mode in unlithified
clay-sand sequences in lignite mines of the Lower Rhine Embayment (Chap. 8). This work focuses
on 3-D outcrops in freshly cut normal faults with shale gouge ratios of 0.1 - 0.3. Vertical profiles
show that fault zones are often layered, with sheared sand, sheared clay and tectonically mixed
sand–clay gouge. 3-D thickness data derived from sequential slicing in excavated fault zones are
approximately log-normal and show heterogeneous thickness distributions. The thinnest parts of
clay smears are often located close to source layer cut-offs rather than in the center of the smear as
proposed in earlier studies. Profile and 3-D data show, that clay smears are strongly affected by R-
and R’-shears, which mostly form at the footwall side. These shears can locally cross and offset
clay smears, which we identify as prominent process in the formation of holes. On micro-scale, clay
smear samples show that grain-scale mixing can lead to thickening of the low permeability smears
and intense mixing and amalgamation of parallel smears may lead to resealing of holes.
Kurzfassung
In dieser Dissertation werden Strukturen und Prozesse beleuchtet, die durch die in der Natur
vorhandene Bandbreite von Bruch-Modi in mechanisch geschichteten Sedimenten verursacht werden.
Störungen im Zug-, Hybrid- und Schermodus sind in der oberen Erdkruste allgegenwärtig und
zeichnen sich durch jeweils typische Deformationsprozesse, Bruch- und Störungsgeometrien und
hydraulische Eigenschaften aus. Dies verleiht Störungen in der Petroleumexploration und -förderung,
Grundwasserversorgung, hydrothermalen Systemen, CO2-Speicherung und der Bewertung von Geo-
risiken besondere Bedeutung. Unser Verständnis von Störungen ist jedoch in vielen Bereichen noch
verbesserungsbedürftig. In dieser Arbeit präsentiere ich daher Studien, die einige Aspekte in Bezug
auf Bruch-Modi und mechanischer Schichtung ansprechen. Zu den verwendeten Methoden gehören
analoge Modellierungen, Geländestudien und numerische Fluss-Simulationen. Diese helfen zunächst
dabei typische Strukturen für Zug-, Hybrid- und Scherbrüche zu definieren und darauffolgend
verschiedene Detail-Aspekte von Abschiebungen unter speziellen Bedingungen zu untersuchen.
Es existieren einige grundlegende Arbeiten bezüglich veränderlicher Bruch-Modi, diese sind je-
doch auf 2-D Diskrete Elemente Modelle oder die Deformation kleiner Proben in geotechnischen
Versuchsaufbauten beschränkt. Ein grundlegendes Verständnis davon, wie die verschiedenen Bruch-
Modi sich auf 3-D Strukturen in Abschiebungssystemen auswirken fehlt. Diese Problematik wird
daher in Kapitel 3 untersucht. Ich zeige hier eine Serie von skalierten analog Modellen, in denen
Abschiebungen in kohäsivem Pulver produziert werden. Durch Variationen in der Mächtigkeit der
Auflast, kann der Bruchmodus von Zug-, über Hybrid- zu Scherbrüchen eingestellt werden. Die 3-D
Struktur der ausgehärteten und freigelegten, kohäsiven Schicht zeigt drei strukturelle Domänen:
(1) Die Zugbruch Domäne ist durch steil stehende, offene Brüche und große Winkel zwischen den
Streichrichtungen einzelner Störungssegmente charakterisiert. (2) Die Scherbruch Domäne weist
geringere Einfallswinkel der Störungen auf, auf denen sich oft Harnische finden. Winkel zwischen
Störungssegmenten sind deutlich kleiner als in der Zugbruch Domäne. (3) Die Hybridbruch Domäne
weist sowohl Eigenschaften der Zug-, als auch der Scherbruch Domäne auf, die vertikal und lateral
abwechselnd auftreten. Diese grundlegenden Attribute können in Störungskarten identifiziert werden,
und werden in den folgenden Kapiteln dieser Dissertation als Werkzeug verwendet, um weitere
Beobachtungen zu verstehen und zu interpretieren.
Ich untersuche dilatante Störungen im Graben-System des Canyonlands National Park, Utah, USA
(Kap. 4). In diesem Kapitel präsentiere ich Ergebnisse von Bodenradaruntersuchungen, die mit
Geländebeobachtungen und Analysen von hochauflösenden Luftbildern kombiniert werden. Es zeigt
sich, dass Quartäre Sedimente am Boden der Gräben stärker gestört sind als an der Oberfläche
sichtbar und bisher angenommen. Die Gegenwart von Schlucklöchern ist Beweis für die Dilatanz
der Störungen und zeigt wo Wasser und Sediment in den Untergrund transportiert werden. Diese
Geländebeobachtungen vergleiche ich im darauffolgenden Kapitel (Kap. 5) mit einer Serie von
analog Modellen, die wieder mit kohäsivem Pulver durchgeführt wurden. Dabei wird ein System
von vertikalen Klüften in den oberen Teil des Pulvers eingebracht, bevor die Abschiebung geformt
wird. Der Winkel zwischen den Klüften und einer vordefinierten Basisstörung variiert dabei syste-
matisch. Dies hat zur Folge, dass der Oberflächenausbiss der Störung bis zu einem gewissen Maß
dem Verlauf der Klüfte folgt, und sich die Störungsgeometrie also deutlich von Störungen ohne
Kluftsystem unterscheidet. Es zeigt sich außerdem, dass, mit wachsendem Winkel zwischen Klüften
und Basisstörung, auch die Anzahl an neugebildeten Brüchen und verbundenen Klüften steigt.
Den Übergang von dilatanten zu Hybrid-Störungen markiert in dieser Arbeit eine ’Proof-of-Concept’-
Studie, in der ich untersuche ob und wie Salz in darunterliegende offene Störungen fließen kann
(Kap. 6). Die zugrundeliegende Motivation liegt im deformationsgeschwindigkeitsabhängigen Puffer-
Effekt von Salz auf Störungsbewegung, mit einem möglichen Einfluss auf die Magnitude von
seismischen Ereignissen. Um dies zu untersuchen werden kohäsive Pulver als Analog für spröde
Karbonatgesteine eingesetzt. Kunstharz als Salzanalog erlaubt nach dem Aushärten des Harzes
die Struktur des Salzes innerhalb der Störung zu untersuchen. Aufgrund einer geringen gewählten
Auflast entwickelt sich die Störung im Zug-Modus. In einem zweiten Experiment wird transparentes
Silikonöl als Salzanalog eingesetzt. Hier kann die Entwicklung der Störungszone in 3-D beobachtet
werden. Aufgrund einer größeren Auflast bildet sich diese Störung im Hybrid-Modus.
Ich präsentiere außerdem eine Untersuchung zu Hybridbrüchen in Clay Smears in Ton-Sand Se-
quenzen (Kap. 7), ein Bruchmodus der, trotz vieler Veröffentlichungen aus Aufschlüssen und
Experimenten, in der Clay Smear Literatur unterrepräsentiert ist. In wassergesättigten Sandboxver-
suchen mit großen Clay Smear Flächen (500 cm2) werden Durchflussmessungen durchgeführt um
die Entwicklung der Störungspermeabilität zu bestimmen. Zusätzlich werden an freigelegten Clay
Smears strukturelle Beobachtungen gemacht. Wir beobachten zunächst Hybridbrüche im Ton die zu
starken Anstiegen der Flussrate führen. Nachfolgend wechseln sich Scher-Phasen, Rückschritte der
Störung und Aufarbeitung von Material in der Störung ab. Dabei finden wir diagnostische Bezie-
hungen zwischen der beobachteten strukturellen Entwicklung und dazugehörenden Fluss-Kurven,
die es erlauben von einer bekannten Struktur eine Flussrate, oder im Umkehrschluss von einer
Flussrate eine Struktur vorherzusagen. Neben Experimenten mit nur einer Tonschicht, werden auch
Experimente mit zwei Tonschichten gezeigt, welche eine andere Permeabilitätsentwicklung aufweisen.
Schließlich werden die Messdaten mit numerischen Flusssimulationen verglichen, welche in erster
Ordnung eine gute Übereinstimmung zeigen.
Im letzten großen Kapitel untersuche ich in einer Geländestudie Clay Smears im Scher-Modus in un-
verfestigten Sedimenten der Niederrheinischen Bucht (Kap. 8). Der Fokus dieser Arbeit liegt auf 3-D
Aufschlüssen in Abschiebungen mit Shale Gouge Ratios von 0,1 - 0,3. Vertikale Profile zeigen häufig
geschichtete Störungen mit gescherten Tonschichten, gescherten Sandschichten, und durch Scherung
gemischten Ton-Sand Amalgamationen. 3-D-Mächtigkeitsdaten, die aus sequentiellen Schnitten an
freigelegten Clay Smear Oberflächen gewonnen wurden, zeigen eine Log-Normal-Verteilung, mit
heterogener Verteilung der Dicke entlang des Clay Smear. Entgegen Theorien früherer Studien
finden wir den dünnsten Clay Smear in der Regel nicht in der Mitte der Störung, sondern häufig
nah an einer der Ausgangstonschichten. Sowohl in Profilen, als auch in den 3-D Daten sehen wir
eine starke Beeinflussung der Clay Smear-Geometrie durch R-, und R’-Scherbänder. Diese können
stellenweise den Clay Smear überspringen und mit zunehmendem Versatz zu Löchern im Smear
führen. Untersuchungen von Proben auf kleinstem Maßstab zeigen, dass Sandkörner in den Clay
Smear gemischt werden können, welcher dadurch an Mächtigkeit gewinnt. Zunehmende Durch-
mischung von einzelnen, nah beieinander liegenden, Clay Smears mit progressivem Eintrag von
dazwischenliegendem Sand, kann möglicherweise auch zur Verschließung von früher gebildeten
Löchern führen.
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1. Introduction
Fault zones are complex three-dimensional structures important in numerous aspects of geology and
applications such as natural hazards, ore and energy resources, water supply, CO2 sequestration or
hydro-thermal systems. Due to the inherent variability of mechanical contrasts and stress-states,
faults and fault rocks show large variations in terms of processes, 3-D geometry and the resulting
hydraulic properties. In this PhD thesis I illuminate a range of not well understood aspects and
processes of faulting. The central theme is the transition from tensile failure to shear faulting and
the resulting geometrical and hydraulic changes.
I first use analogue models to find characteristic fault structures for dilatant, hybrid and shear
faults. Based on these results I use a range of methods including analogue modeling, outcrop
studies and numerical flow simulations to further study details of the range of failure modes.
Dilatant faults systems are studied in the Canyonlands National Park, Utah, USA; the effect of
pre-existing structures on the geometry of dilatant faults is studied using analogue models. Salt
flow into underlying dilatant and hybrid faults is modeled experimentally using cohesive powders
and ductile materials. Permeability evolution of clay smears (hybrid to shear failure) in normal
faults is investigated in water saturated experiments. Finally, clay smears in outcrops of the Lower
Rhine Embayment reveal processes of clay smear formation in shear mode.
In the following I provide an outline of this work with per-chapter mini abstracts. For the reader’s
convenience each chapter is equipped with an individual abstract, table of contents and list of
references.
1.1. Thesis outline
Chapter 1: Introduction
This is where you are now. Here you can find a very brief introduction to the topic of this thesis, an
outline of this thesis and a list of my publications.
Chapter 2: Literature review and introduction
In this chapter I provide a brief literature review and general introduction to fundamental knowledge
on which my thesis is based.
Chapter 3: Changes in structural style of normal faults due to failure mode
transition: first results from excavated scale models (Kettermann and Urai, 2015)
In this chapter I investigate how fault structures change with varying failure modes and which
characteristic structural features develop. I do this by running a series analogue models in which I
1
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build a layer cake of cohesive powder embedded in sand on top of a moving base plate. A graben
is then formed by slowly moving the base plate. The failure mode of the embedded powder layer
depends on the overburden pressure (low pressure = tensile failure; high pressure = shear failure)
which can be controlled by the overburden sand thickness. After deformation the faulted powder
layer can be studied in 3-D by carefully wetting and hardening it and then removing the overburden
sand. This showed that failure mode can be inferred from characteristic map-view fault zone
geometry. This also means that the map-view geometry provides important implications about fault
attributes such as dilatancy, fault shape and small scale fault strands.
Observations made in this study will constantly come back during the next chapters in which I
investigate specific features of dilatant, hybrid and shear faults.
Chapter 4: Evolution of a highly dilatant fault zone in the grabens of Canyonlands
National Park, Utah, USA – integrating fieldwork, ground-penetrating radar and
airborne imagery analysis (Kettermann et al., 2015)
The Grabens formed in sandstones above Permian salts of the Canyonlands National Park are an
archetype of dilatant fault zones. We used a combination of ground penetrating radar (GPR), remote
sensing and field observations to investigate how these dilatant faults formed. GPR data show
intense faulting of the Quaternary sediments at the flat graben floors, implying a more complex fault
structure than visible at the surface. Sinkholes observed in the field as well as in airborne imagery
give insights in local dilatancy and show where water and sediments are transported underground.
Based on correlations of paleosols observed in outcrops and GPR profiles, we argue that either the
grabens in Canyonlands National Park are older than previously assumed or that sedimentation
rates were much higher in the Pleistocene.
Chapter 5: Dilatant normal faulting in jointed cohesive rocks: a physical model study
(Kettermann et al., 2016b)
The effect of vertical pre-existing joints on the development of normal faults is not well understood.
In this chapter I investigate this by a series of analogue experiments using cohesive powder with
pre-formed joint sets in the upper layer, varying the angle between joints and a rigid basement
fault. Analyses of map-view photographs for a number of typical features show that with increasing
angle between joint-set and basement-fault strike the number of secondary fractures and connected
joints increase. Models without pre-existing joints show far lower area fractions of open voids while
forming distinctly more secondary fractures.
Chapter 6: Analogue modeling of salt intrusion into dilatant faults
In this chapter I provide a brief study on salt flow into dilatant/hybrid faults. As rock salt can flow in
a ductile fashion at low strain-rates and break at high strain-rates, its presence in a fault introduces
a strain-rate dependency to the faulting, that in turn can have an effect on the distribution of
magnitudes of seismic events. A combination of cohesive powder that resembles cohesive rock and
ductile materials resembling rock salt (resin and silicone oil) is used in two analogue models to
2
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study how rock salt can flow into opening normal faults. As one of the models was formed in a
fully dilatant fashion and the other was formed in hybrid failure we could show that salt flows into
opening fractures and faults in underlying brittle rocks, however, strongly controlled by the failure
mode of the cohesive rocks. This chapter marks a step from purely dilatant faulting towards hybrid
failure (higher stress/weaker materials).
Chapter 7: Evolution of structure and permeability of normal faults with clay smear
in water saturated sandbox models (Kettermann et al., 2017)
In this chapter I investigate the permeability evolution of normal faults with clay smear in water-
saturated sandbox experiments. In these experiments the clay shows characteristics of hybrid failure,
which to date is basically not studied at all. A specially designed experimental rig allows across fault
flow measurements, the results of which are combined with observations of excavated clay smear
surfaces. This allows for finding diagnostic flux responses for different fault/clay smear types such as
faults developing in the graben or precursor domain, single or double source layer. Results show an
initial hybrid to brittle failure of the source clay followed by phases of fault back-stepping, shearing
and reworking. Double-layer experiments show lower absolute fluxes compared to single-layer
experiments. Experiments forming in the precursor domain show shear failure and lower flux values
compared to experiments in the graben domain which develop with hybrid failure.
Chapter 8: Mechanisms of clay smear formation in unconsolidated sediments -
insights from 3-D observations of excavated normal faults (Kettermann et al., 2016a)
Clay smears in normal faults can form seals for hydrocarbons and groundwater, and their prediction
in the subsurface is an important problem in applied and basic geoscience. However, neither their
complex 3-D structure, nor their processes of formation or destruction are well understood, and
outcrop studies to date are mainly 2-D. In this chapter we present a 3-D study of an excavated
normal fault with clay smear (together with both source layers) in unlithified sand and clay of the
Hambach open-cast lignite mine in Germany. We show that clay smears are strongly affected by R
and R’ shears, mostly at the footwall side. These shears can locally cross and offset clay smears,
forming holes in the clay smear.
Chapter 9: Outlook
In this chapter I provide a brief outlook on methods that have a high potential for future work,
but were too time consuming to follow up on during this project phase. These include nano-scale
investigation of clay smear samples from outcrops and experiments, building complete 3-D fault
zone models from outcrop and experiment data and various other ideas.
Chapter 10: Closing words
Just some final concluding thoughts.
3
1. Introduction
1.2. Digital supplement
An SD-card is attached to the printed version of this document, which contains
• a digital version of the thesis
• PDF versions of all graphics of this thesis
• additional digital content (additional images, movies, 3-D models) cited in the individual
chapters
• digital copies of the original published articles
This content is organized in a self-explanatory folder structure that allows convenient browsing.
1.3. List of publications
This is a list of relevant publications that I authored or co-authored on my way to finishing this
thesis.
Peer reviewed articles that are chapters in this thesis
Chapter 3
Kettermann, M. and Urai, J. L. (2015). “Changes in structural style of normal faults due to failure
mode transition: first results from excavated scale models.” Journal of Structural Geology, 74,
pp. 105–116. doi: 10.1016/j.jsg.2015.02.013.
Chapter 4
Kettermann, M., Grützner, C., van Gent, H., Urai, J., Reicherter, K., and Mertens, J. (2015).
“Evolution of a highly dilatant fault zone in the grabens of Canyonlands National Park, Utah,
USA – integrating fieldwork, ground-penetrating radar and airborne imagery analysis.” Solid
Earth, 6(3), pp. 839–855. doi: 10.5194/se-6-839-2015.
Chapter 5
Kettermann, M., von Hagke, C., van Gent, H. W., Grützner, C., and Urai, J. L. (2016). “Dilatant
normal faulting in jointed cohesive rocks: a physical model study.” Solid Earth, 7(3), pp. 843–856.
doi: 10.5194/se-7-843-2016.
Chapter 7
Kettermann, M., Urai, J. L., and Vrolijk, P. J. (2017). “Evolution of structure and permeability of
normal faults with clay smear: Insights from water-saturated sandbox models and numerical simu-
lations.” Journal of Geophysical Research: Solid Earth, 122, p. 29. doi: 10.1002/2016JB013341.
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Chapter 8
Kettermann, M., Thronberens, S., Juarez, O., Urai, J. L., Ziegler, M., Asmus, S., and Krüger, U.
(2016). “Mechanisms of clay smear formation in unconsolidated sediments - insights from 3-D
observations of excavated normal faults.” Solid Earth, 7(3), pp. 789–815. doi: 10.5194/se-7-
789-2016.
Other peer reviewed articles
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2. Literature review and introduction
The work collected in this thesis covers a wide range of fault-related topics, approaches and
techniques. Naturally, this requires a comprehensive collection of literature from different
fields to be respected in the research. Acknowledging this wide range of topics and to avoid
excessive redundancy I will provide only a brief literature overview here to highlight the
research goals and provide some basic information that is not discussed in the following chapters.
More specified literature reviews are then given in the respective chapters so that background
knowledge and original research results are provided together. I co-authored a comprehensive review
article on clay smear (Vrolijk et al., 2016), a brief summary of which can be found in this introduction.
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2.1. Introduction to faults
"Faults are generally defined as planar or zonal structures (meter-scale or larger) across which
appreciable shear displacement discontinuities occur" - Schultz and Fossen (2008)
Faults as structural discontinuities can occur in a wide range of scales, lithologies, stress
regimes and kinematics. Depending on the specific conditions under which a fault forms, it can
provide either a conduit or a baﬄe for fluid flow, across or along the fault. This depends on
processes like dilation, cataclasis, clay smearing or formation of fault gouge, but also on geometrical
properties such as the dimension of the damage zone or gouges and the overall fault geometry
and size. The scope of this thesis is the study of normal faults, which are of great importance
for numerous applications such as groundwater flow, hydrothermal energy, hydrocarbon and ore
resources, CCS and natural hazard assessment.
2.1.1. Stresses, fault classification and failure modes
In the most general meaning, a fault is the displacement of a (rock)body caused by stress that
exceeds the body’s strength. Stress in a rock is a tensor and can be described by the three principal
stresses, the maximum principal stress σ1, the intermediate principal stress σ2 and the least principal
stress σ3, all of which are oriented normal to each other (Fig. 2.1A). Based on the orientation of
these stresses Anderson (1905) developed the famous fault classification: In a normal fault σ1 is
vertical and σ2 and σ3 are horizontal (Fig. 2.1B). In a reverse or thrust fault σ3 is vertical and σ1
and σ2 are horizontal (Fig. 2.1C). In a strike-slip fault σ2 is vertical and σ1 and σ3 are horizontal
(Fig. 2.1D).
σ1 σn
τ
σ3
σ2
A B
C D
σ1
σ1
σ1
σ3
σ3
σ3
σ2
σ2
σ2
Normal fault
Reverse fault Strike-slip fault
Figure 2.1.: A: Stress in a rock. σ1: maximum principal stress, σ2: intermediate principal stress, σ3: least
principal stress, σn: normal stress on a plane, στ : shear stress on a plane. B: Normal fault, C: Reverse fault,
D: Strike-slip fault
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Stress on a plane can also be described by the normal stress σn and the shear stress τ which are
components of the principal stresses. The geometric relation of the principal stresses in 2D σ1 and
σ2 to normal stress σn and shear stress τ is shown in Figure 2.2A. The angle between σn and σ1 is
defined as θ and the angle between σ1 and the plane is α. A common way to plot these stresses is
by using Mohr-circles in a σn vs τ plot (Fig. 2.2B). The Mohr-Coulomb failure envelope, specific for
each material consists of the materials friction angle (φ) that defines the slope of the envelope for
positive σn. The y-intercept of the envelope defines the materials cohesion (C) and the origin of
the envelope in negative σn describes the tensile strength of the material. The positive part of the
failure envelope is described by Equation (2.1):
σ1
σ1
σ1 σ1σ1
σ1’
σ3
σ3
σ3σ3σ3
σ3’
σn
σn
σnσnσn
τ
τ
τ τ τ
2θ
2θ 2θ 2θ
θ
2α
α
φ
C
0Τ
Friction angle
Cohesion
Tensile strength
Failur
e env
elope
A B
C
tensile failure hybrid failure shear failure
θ θ
θ
Figure 2.2.: A: Geometric relations of the principal stresses, shear and normal stress. B: Concept of
Mohr-Coulomb diagram explaining the failure envelope, friction angle and stresses. C: Mohr circles for tensile,
hybrid and shear failure.
τ = σn · tan(φ) + C (2.1)
Here the term tan(φ) equals the friction coefficient µ:
µ = tan(φ) (2.2)
The non-linear slope of the failure envelope for negative σn is described by the Griffith theory of
fracturing:
τ =
√
(σn + |T |) · 4|T | (2.3)
with T: tensile strength. Equation (2.3) shows that T = 1/2C, however, this is just an approximation
and for some materials this relation does not apply (e.g. van Gent et al., 2010). Maksimovic (1989)
has shown that for some materials at small stresses the Mohr-Coulomb failure envelope is also not
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linear, which has an impact on for example the scaling relations in sandbox experiments.
In the Mohr-diagram (Fig. 2.2B) the principal stresses σ1 and σ3 are plotted on the x-axis
spanning the Mohr-circle. A Mohr-circle touching the failure envelope indicates a failure of the
material. Bringing a material from a stable state to failure can be achieved in three ways: (1) an
increase of σ1, (2) a decrease of σ3 or (3) an increase of pore pressure, causing both σ1 and σ3 to
decrease (Hubbert and Willis, 1972).
The normal stress can be expressed as
σn =
(
σ1 + σ3
2
)
+
(
σ1 − σ3
2
)
· cos(2θ) (2.4)
and the shear stress as
τ =
(
σ1 − σ3
2
)
· sin(2θ). (2.5)
Fluid pressure Pf reduces the principal stresses to effective principal stresses (σ′1, σ′2, σ′3):
σ′1 = σ1 − Pf , (2.6)
σ′2 = σ2 − Pf , (2.7)
σ′3 = σ3 − Pf (2.8)
Equations (2.1), (2.4) and (2.5) apply for effective stresses as well. It becomes apparent, that an
increased pore pressure can shift the Mohr-circle of an otherwise stable stress state to the left and
cause failure in a rock.
The position at which a Mohr-circle intersects the failure envelope describes the failure mode
of a fracture (Fig. 2.2C). A Mohr-circle with σ3 = T and σ1 sufficiently small so that the failure
envelope intersects only at T means a pure tensile failure with the opening vector parallel to σ3.
A Mohr-circle intersecting the failure envelope in negative σn but not the origin means hybrid
failure. A hybrid fracure has components of both opening and shear mode, the fracture plane is not
parallel to σ1 anymore. A Mohr-circle intersecting the failure envelope in positive σn means shear
failure, where the displacement vector is parallel to the fracture plane. Especially the appearance
of fractures forming in hybrid mode is not well understood and in parts scope of this thesis. In
Chapter 3 I discuss the geometrical effects of the transition of normal faults from tensile to hybrid
to shear mode.
2.1.2. Fault components, growth and geometry
The conceptual building blocks of a single fault are the fault core, which accumulates most strain,
and the surrounding damage zone (see Fig. 2.3 and e.g. Caine et al., 1996a; Peacock et al., 2000),
whereas a fault zone consists of multiple faults, often interacting with each other. Each fault
component can show a large range of individual structures depending on the type of faulted rock,
fault kinematics and stress state.
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Fault core
The fault core as central part of a fault (Fig. 2.3) shows a positive correlation of thickness and
displacement (Gudmundsson et al., 2013; Scholz, 1987; Shipton et al., 2006). However, Torabi
and Berg (2011) point out that fault core thickness varies strongly both laterally and vertically,
hindering a good definition of the fault core thickness. Some faults show only minor variation in
fault core thickness (e.g. Vrolijk et al., 2005), while faults with mechanical stratigraphy can show
large variations (e.g. Wibberley et al., 2008). In dilatant faults where the open fractures are not
filled with secondary material, the lack of mechanical wear reduces fault core growth.
damage 
zone
protolith
protolith
fault core
high shear 
fault rock
dam
age zone
Figure 2.3.: Illustration of fault core and damage zone (modified after Fredman et al. 2007).
Depending on the protolith (undamaged host rock), stress and fault throw a fault core can host
1. a fault breccia, which is a fault rock with > 30% visible, angular host rock fragments (Sibson,
1977). Fault breccia are associated with brittle faulting where host rock fragments are entrained
in the fault core with only minor wear. With increasing shear a fault breccia can develop into
a fault gouge.
2. a fault gouge, which is a fine-grained, strongly sheared fault rock that consists of < 30% visible
host rock fragments (Sibson, 1977). Fault gouge often contains high amounts of clay and can
provide good sealing properties (Vrolijk and van der Pluijm, 1999). If the clay in the gouge
is not only formed by wear or physicochemical alteration, but entrained from clay layers in
the host rock the gouge is called a clay or shale gouge (e.g. Holland et al., 2006b; Vrolijk and
van der Pluijm, 1999). Fault gouges show complex internal deformation structures attributed
to the high shear (e.g. Haines et al., 2013).
3. a clay smear, which is a clay layer that is entrained from a clay source layer and maintains its
layered characteristic in the fault core (see Chaps. 7 and 8).
4. a salt fault core, where rock salt can flow into adjacent dilatant faults (see Chap. 6).
5. a dilatant fault core, where no material, or loose rubble is filling the open fractures (e.g.
Holland et al., 2006a).
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Due to the enrichment of fine-grained material, fault cores usually tend to have reduced perme-
abilities with respect to the host rock, especially in the case of clay/shale gouge.
Damage zone
The damage zone surrounds the fault core (Fig. 2.3) and consist of fractures of some kind that
increase in frequency towards the fault core (Gudmundsson et al., 2013). The damage zone geometry
can be quite complex and is related to the fault zone geometry. The damage zone around fault
tips (McGrath and Davison, 1995) is different in shape and extent than damage zones between
overlapping fault segments (Kim et al., 2004). Torabi and Berg (2011) report a positive correlation
of damage zone width and displacement, however, with slightly different slopes for faults developed
at different scales.
Typical structures in the damage zone are tensile fractures/joints, veins, small scale faults (Caine
et al., 1996b) as well as deformation bands (e.g. Berg and Skar, 2005; Okubo and Schultz, 2005),
which can have both enhancing and baﬄing effects on transport properties in the damage zone.
Most relevant to this thesis are deformation bands in the damage zone. Fossen et al. (2007) classifies
deformation bands by their kinematic as (1) compaction bands, (2) simple-shear bands, (3) dilation
bands, or by their deformation process as (1) disaggregation band, (2) phyllosilicate band, (3)
cataclastic band, (4) solution and cementation band. We observe deformation bands as simple-shear
to dilation disaggregation bands in outcrop studies of clay smears (Chap. 8) where they contribute
to the clay smear geometry, as well as in experiments (see Sect. 9.3.1).
Fault relays and lenses
Fault relays are zones of overlapping parallel fault strands, where the ’area of reoriented bedding
between two normal faults that overstep in map view and that have the same dip direction’ (Peacock
et al., 2000) is called a relay ramp (Fig. 2.4A). Fault relays and relay ramps are abundant in fault
zones at all scales (Long and Imber, 2011). With increasing offset and fault length and for preferred
distances between the faults (Hus et al., 2005) they interact and finally link up to form a larger fault
with a breached relay (Fig. 2.4B & C; Conneally et al., 2014; Huggins et al., 1995; Peacock and
Sanderson, 1994; Walsh et al., 1999). Relay structures have a strong influence on fault permeability
as they can connect two sides of a fault (e.g. Bense and Van Balen, 2004) or form a dense fracture
network (e.g. Trudgill and Cartwright, 1994), thus widening the damage zone (Kim et al., 2004)
and increase the bulk permeability of the fault zone.
In faults with clay smear, relays and breached relays can change the sealing properties of the fault
towards a lower permeability or a higher chance of sealing, because at relays the total displacement
is distributed between two overlapping fault strands, thus decreasing the individual SGR on each
segment (Noorsalehi-Garakani et al., 2013). Manzocchi et al. (2008) and Manzocchi et al. (2010)
recognized and discussed this problem for industry application flow simulations, which recently lead
to further research on fault geometries (e.g. Schöpfer et al., 2016).
When fault strands connect either in map view, vertically or along the entire tip-line, they
surround a fault lens (Fig. 2.4D). Relays that hard-link evolve to fault lenses.
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A B C D
Slip surface
Relay ramp Fault lensbreached relay ramp
partially breached 
relay ramp
Figure 2.4.: Fault maps and 3-D sketch of relay ramps (A) and the breaching of relay ramps (B & C). D:
Fault lens
Mechanical stratigraphy
One of the most important factors influencing fault geometry is the mechanical stratigraphy in
layered rocks. When layers with varying strengths and internal friction angles are stacked, this can
cause a complex fault structure (Schöpfer et al., 2007a,b; van Gent et al., 2010). The Mohr-Coulomb
failure criterion predicts different fault dips for different friction angles, which means that at the
interface of two layers a fault will be refracted to a steeper dip in stronger layers and shallower
dip in weaker layers (e.g. Kleine Vennekate, 2013; Peacock, 2002; Peacock and Sanderson, 1992;
Schöpfer et al., 2006, 2007c).
Schöpfer et al. (2006) shows using discrete element method (DEM) simulations that in interbedded
sequences of strong and weak layers (Fig. 2.5A) fractures start to form in the strong layers, while
the weak layers accommodate small displacements without localization of shear (Fig. 2.5B). With
increasing displacement fractures in the strong layers link across the weak layers (Fig. 2.5C) and
form a complex fault zone. The cohesion contrast between both layers is the control on this process,
with higher contrasts causing more complex fault zones (Schöpfer et al., 2007a,b).
Depending on the type of linkage (steeper or shallower dip) the terms releasing or restraining
bend (Fig. 2.5D & E) are used (van der Zee and Urai, 2005), where stresses are released (steeper
dip) or increase (shallower dip) in analogy to general fault relay terminology (Walsh et al., 1999).
In releasing bends open fractures in the form of dilational jogs or pull-aparts can form (Sibson,
1996) which can increase fluid flow (Ferrill and Morris, 2003) or influence clay smear formation
(van der Zee et al., 2003). The effect of decoupling weak layers between strong layers is also described
by Ferrill et al. (2014) in outcrop studies of carbonates of the Eagle Ford Formation, Texas. In
this system small normal faults and joints are restricted to the stronger beds and decoupled by the
weaker beds. Similar observations are shown by Wilkins and Gross (2002) in layered sandstones
and shales in Utah, USA, and Peacock and Sanderson (1992) in Kilve, UK.
Mechanical stratigraphy is the basis for most of the work presented in this thesis. In Chapter 3
I use a layer of hemihydrate powder embedded in sand layers to create 3-D fault models with
varying strength contrasts, similar to the 2-D DEM simulations of Schöpfer et al. (2007a,b) and
corroborating their results adding the third dimension. In Chapter 6, materials not only of different
strength but different rheology are layered. A sand body is covered by a layer of hemihydrate
13
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Figure 2.5.: A-C: Evolution of a normal fault in mechanically stratified layers redrawn after Schöpfer et al.
(2006). Fractures initiate in the strong layers and later link across the weaker layers. D: Restraining bend. E:
Releasing bend forming a pull-apart or dilational jog.
powder which is then topped by a viscous salt analogue, to model salt intrusion into dilatant faults.
In Chapters 7 and 8 clay layers are embedded in sand forming clay smears. Especially the results of
Chapter 7 show that strength contrasts are an important factor in clay smear evolution. This is
also pointed out and discussed by Vrolijk et al. (2016). The authors provide a matrix summarizing
typical clay smear structures for all variations of sand and clay strength (cf. Fig. 2.8).
Fault growth and scaling properties
Two important questions arise with the study of fault zones. First, how do faults grow? And second,
do large faults scale to small faults in terms of fault and damage zone width, length/displacement
ratio, structural complexity? That is, are observations we make on small-scale outcrops or even
smaller experimental studies applicable to predict structures in large faults?
Scaling properties of faults starts with the number of small and large faults. It is generally claimed
that fault populations follow a power law distribution (e.g. Scholz and Cowie, 1990). However,
several researchers have shown that this power law distribution is only valid for a restricted range
of fault lengths, whereas for larger and smaller regimes the distribution deviates from the power
law (Mansfield and Cartwright, 2001; Nicol et al., 1996; Torabi and Berg, 2011). This is attributed
to sampling biases (Pickering et al., 1995), but also structural effect such as varying rates of fault
linkage or the occurrence of relays (Torabi and Berg, 2011).
The growth of faults, i.e. the increase of along strike (width) and along dip (length) extent with
increasing displacement has two major contributors, namely the growth of individual slip ’planes’ or
zones and the linkage of fault strands. Walsh and Watterson (1988) state that ’In the simplest cases
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the fault surface is an ellipse bounded by the zero displacement contour or tip-line loop’. In this
model the center of the ellipse accommodates the maximum displacement which decreases towards
the tip lines. The authors find a linear trend in log-log space for fault width vs. displacement.
However, with lateral linkage of multiple fault segments the fault ellipse varies in aspect ratio (Kim
and Sanderson, 2005; Schultz and Fossen, 2002) towards smaller fault lengths (down dip) and larger
fault widths. This process is even stronger in dilatant faulting, where individual faults show small
displacement gradients, with strongly elongated fault ellipses (Cartwright et al., 1995; Villemin and
Bergerat, 2013). Dynamic observations of fault growth are presented from experimental studies by
Mansfield and Cartwright (2001) who showed that, due to the linkage of fault segments, the resulting
shape of a displacement-length plot is in fact not elliptic but shows a zigzagged outline, controlled
by linkage of smaller and larger fault segments. This also shows that maximum displacement of
larger faults is not necessarily in the center of the fault width. Schlagenhauf et al. (2008) studied
the growth of individual fault strands in analog experiments and show that these can be elliptic as
well as asymmetric. In relay zones the fault shape is again different as it is controlled by the length
of overlapping segments (Soliva et al., 2008; Walsh et al., 1999).
Understanding dynamic fault growth and fault scaling is important for subsurface applications
where fault populations below the seismic resolution have to be predicted and the timing of fault
growth through stratigraphy is of importance. Efforts have been made to interpret faults from
seismic images and develop fault growth models (e.g. Tvedt et al., 2013), however testing these
models is challenging.
Scaling of damage zone and fault core width has been discussed earlier. In general it can be
concluded that a rough positive correlation exists for the scaling all fault properties, with a power-law
distribution over a wide range, however deviating from power-law for small and large faults, and
with exact slopes controlled by rock mechanics and fault complexity (Torabi and Berg, 2011).
2.1.3. Dilatant and hybrid faulting
The idea of varying fault failure modes as described above is well known in literature (e.g. Chemenda
et al., 2011; Engelder, 1999; Ferrill and Morris, 2003) and tensile, hybrid and shear failure modes are
found in the upper crust (Ferrill and Morris, 2003; Mandl et al., 1977; Price and Cosgrove, 1990).
Extensional fracturing and faulting has a major effect on fluid transport in rocks and is therefore an
important factor for hydrocarbon reservoirs, geothermal energy or groundwater flow (Ehrenberg
and Nadeau, 2005; Jafari and Babadagli, 2011; Wennberg et al., 2008).
However, hybrid and dilatant faulting has received much less attention than shear faulting,
although it has been argued to be common, for example in Mid Oceanic Ridge basalts (e.g. Acocella
et al., 2003; Angelier et al., 1997; Holland et al., 2006a; Sonnette et al., 2010) or carbonates (Ferrill
and Morris, 2003; Moore and Schultz, 1999; van Gent et al., 2010).
Studies on the effect of failure mode transition have been provided on microscale and triaxial
tests (Bobich, 2005; Chemenda et al., 2011; Nguyen et al., 2011; Ramsey and Chester, 2004) and
2-D numerical models (Schöpfer et al., 2007a,b). Nevertheless, we lack a detailed understanding
of how failure mode transition affects the 3-D structure of a normal fault zone, which led us to
conduct the study presented in Chapter 3. Results corroborate the microscale finding and extend
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these to 3-D. Moreover, we find characteristic map-view fault geometries for dilatant, hybrid and
shear faults that can be used to identify these in the subsurface.
Dilatant fault zones provide opportunities for ongoing research as well. In a field study in the
Canyonlands National Park (Chap. 4) we show that dilatant fault zones can be more complex than
obvious at surface outcrops. In an analogue modeling study (Chap. 5) we show the evolution of
such a complex dilatant fault system that is additionally controlled by pre-existing joints.
2.2. Clay smear
Besides the two articles on clay smear presented in this thesis (Chapters 7 and 8), I also co-authored
a comprehensive review article on the state of the art of clay smear (Vrolijk et al., 2016). In
the introductions of the aforementioned chapters literature reviews are already provided, and is
certainly not the scope of this section to repeat all 60 pages of the review-article, so here I will
only provide a brief summary to point out the most important studies and a critical view on what
has been done in the past and on what can be improved in future studies. For more informa-
tion, the interested reader is referred to the article Vrolijk et al. (2016), available online in open access.
One of the best definitions of clay smear says that ’Clay smear is a loosely defined term born in
hydrocarbon geology; its usage differs between publications, and the definition of processes operating
is often unclear. In the most general meaning, the term includes all processes, which somehow
transform clay in the wall rock into clay that is part of the fault zone’ (van der Zee et al., 2003).
Over the past four decades extensive research, mostly driven by the needs of the petroleum
industry, was undertaken to understand the underlying processes of clays transported into a fault
and the resulting fault permeability (or for that matter, fault sealing) properties. While there is
certainly a good basis of field, outcrop, laboratory and numerical studies on clay smear, careful
assessment of this literature shows substantial room for improvement in understanding of clay smear
formation, deformation and creation of holes. In the following, based on Vrolijk et al. (2016), I
provide a short overview of important publications that are relevant for this thesis and give a very
brief comment on problems and possible ways forward.
2.2.1. Predictive algorithms
The urge of the petroleum industry to quantify the sealing properties of a fault with clay in the
faulted sequence motivated the formulation of a number of predictive algorithms. Bouvier et al.
(1989) proposed the clay smear potential (CSP, Fig. 2.6A), based on geometric considerations and
following outcrop observations in the Lower Rhine Embayment that imply a continuous thinning of
the clay smear with further distance from the source clay. The underlying equation is published by
Fulljames et al. (1997):
CSP = c
∑ h2
d
(2.9)
Equation (2.9) provides a value for a given source layer thickness (h) at a distance from the
source layer (d) and with a calibration constant c, where larger CSP values imply a better sealing
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Figure 2.6.: Illustration of clay smear predictive algorithms. A: Clay smear potential (CSP); B: Generalized
smear factor; C: Shale smear factor (SSF); D: general expression of the shale gouge ration (SGR). Modified
after Vrolijk et al. (2016)
capacity. Yielding et al. (1997) published a more general form of the CSP, the generalized smear
factor (Fig. 2.6B):
SF = c
∑ hn
dm
(2.10)
where both n and m are constants that have to be calibrated for a given situation.
Lindsay et al. (1992), based on outcrop observations in the UK, developed the shale smear factor
(SSF, Fig. 2.6C), which is expressed as:
SSF = throw
thickness
(2.11)
SSF is based on the idea of an abrasion-type clay smear (see next section) and disregards structural
effects such as thinning with greater distance to the source layer. Larger SSF values imply poorer
sealing capacities. An extension of the SSF towards more applied settings with multiple source
clays was proposed by Childs et al. (2007), the probabilistic shale smear factor (PSSF). The PSSF
assumes that holes in parallel clay smears are randomly distributed and therefore, PSSF provides
the probability of encountering a hole through all clay smears at an interrogated position along the
fault. It is written as:
PSSF =
∏(
1− T · (SSFc − 1)
D − T
)
(2.12)
where T is the source clay thickness, D is the displacement and SSFc is the critical SSF, i.e. a
shale smear factor that is considered as providing a breached seal.
Yielding et al. (1997), while reviewing CSP and SSF, developed the shale gouge ratio (SGR,
Fig. 2.6D) which is intended to calculate the percentage of clay that is incorporated into the fault
gouge by mixing. SGR in the most general form can be written as:
SGR =
∑ (Vcl ·∆z)
throw
· 100 (2.13)
where Vcl is the volumetric fraction of clay in the layer with the thickness ∆z. This formulation
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allows using the SGR for complex stratigraphies. Larger SGR values imply a better sealing potential.
A combination of SGR and CSP is the effective shale gouge ratio (ESGR) which assumes a greater
contribution (to the smear) of clays closer to the source layer (e.g. Freeman et al., 2008). This is
achieved by using a weighing factor:
ESGR =
∑
D
wiVi∆zi∑
D
wi∆zi
(2.14)
where D is the slipped interval, w is the weighing factor and V is the volumetric fraction of clay
in the layer with the thickness ∆z. For some examples the ESGR provides better predictions than
the simple SGR; however, the determination of the weighing factor is challenging.
All of these algorithms in some way relate fault throw and thickness of the source clay layers.
However, they fail to account for different mechanical properties (see Fig. 2.8) and structural
heterogeneities such as fault relays or lenses that cause displacement partitioning. A local or global
definition of critical values is required to define a ’sealing’ or ’not sealing’ boundary. Vrolijk et al.
(2016) comment on the predictive quality of the above named algorithms that ’the current state
makes it difficult to understand when those models may be misleading or when they might be right
for the wrong reasons. For example, could the development of a shale lens predictor be more useful
than a clay smear predictive model?’
2.2.2. Outcrop studies
A number of outcrop studies provide information about clay smear in different lithologies and scales.
Lindsay et al. (1992) defined three types of clay smear characterized by the main driving process: (i)
shear type, (ii) abrasion type, (iii) injection type, based on observations in an active quarry (Round
O’Quarry, UK).
Weber et al. (1978) and Lehner and Pilaar (1997) presented observations from fresh outcrops in
lignite mines in the Lower Rhine Embayment (LRE), Germany. The sediments are not lithified
and the clays are soft, as the authors report clay being pressed out of the fresh cuts. Lehner and
Pilaar (1997) present a model for the development of injection-type clay smear consisting of two
overlapping fault segments that form a pull-apart structure into which the weak clay can move. This
is accompanied by intensive host rock deformation by D, R and R’ shears influencing the overall
structure of the clay smear. This pull-apart injection model is supported by observations by Clausen
et al. (2003) from faults in Bornholm, Denmark; by Doughty (2003) from slightly lithified sediments
in the Rio Grande Rift, New Mexico, USA; by Faerseth (2006) from several large scale faults and
van der Zee et al. (2003) and van der Zee and Urai (2005) from outcrops in Miri, Sarawak, Malaysia.
Based on outcrop observations from the Hambach mine, van der Zee et al. (2003) developed the
mechanical clay injection potential algorithm (MCIP), which predicts whether or not a clay injection
is possible at a certain setting.
A model for less ductile clays and shales, the shear-type clay smear consists of two vertically
overlapping fault segments that successively incorporate and attenuate the clay with ongoing offset
(Aydin and Eyal, 2002; Doughty, 2003; Faerseth, 2006; Lindsay et al., 1992).
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Burhannudinnur and Morley (1997) noted a distinct mixing of shale and cataclastic fragments in
the clay smear at outcrops in north-west Borneo, Malaysia. Grain scale mixing appears to be a
common process in faults in poorly lithified sediments (Bense et al., 2003b; Heynekamp et al., 1999;
Kristensen et al., 2013; Loveless et al., 2011) and is also noticed in analogue experiments (Clausen
and Gabrielsen, 2002; Noorsalehi-Garakani et al., 2013; Schmatz et al., 2010b) and numerical
models (TerHeege et al., 2013). Bense et al. (2003b) and Kristensen et al. (2013) additionally
noted a reorientation of grains along slip planes. Shale smears in lithified sediments show less or no
grain-scale mixing, but incorporation of wall rock fragments (Aydin and Eyal, 2002; Eichhubl et al.,
2005; Foxford et al., 1998; van der Zee and Urai, 2005). Such fragments are often subject to locally
increased shear stresses and thus strongly deformed (van der Zee and Urai, 2005).
Foxford et al. (1998) studied the structure and fault rock content of the Moab Fault, Utah, USA
at numerous outcrops. They described a highly variable thickness of shaley gouge (centimeter
to meter scale) and the fault rock in general, concluding that it is impossible to predict content
or thickness of the fault zone from observations, although the presence of shaley gouge might be
predictable. A critical SGR value of 20% for the Moab Fault is suggested, but the authors note
that empirical databases for individual fields are required to implicitly include sub-seismic effects
such as throw partitioning (Noorsalehi-Garakani et al., 2013; van der Zee et al., 2003).
An excavated fault zone in a sandstone/shale sequence consisting of lenses of clay and sand is
described by Childs et al. (1997) from a quarry in Lancashire, UK. Lenses can be clay dominated,
sand dominated or mixed, and in between the lenses the fault shows the respective wall rock.
This study shows the complexity of fault zones with multiple fault strands and the importance of
understanding the processes of fault development. Similar shale-rich lens structures of limited extent
were described by Vrolijk et al. (2005) within a fault zone rich in relays. These authors discussed
the effects of sedimentary architecture such as channels on clay smear evolution (cf. Davatzes et al.,
2005).
Doughty (2003) studied clay smears at the Calabacillas fault, Rio Grande Rift, New Mexico,
presenting a 3-D thickness map of the clay gouge, which was interpolated from numerous measure-
ments. He described several gaps in the gouge that are interpreted to be formed by secondary faults
and compromise the fault seal integrity.
The effect of multiple clay layers on clay smear continuity and permeability was studied by Childs
et al. (2007) in the outcrops of the Taranaki formation, New Zealand. Combined with theoretical
considerations, it results in the formulation of the probabilistic shale smear factor (PSSF) that
defines the chance of encountering a hole at a certain position along the multilayered clay smear.
Mining in the Lower Rhine Embayment causes large gradients in hydraulic head, which are
monitored in detail. Bense and Van Balen (2004) used these data along with SGR estimations
in numerical groundwater flow models across a relay structure. Results imply that the faults are
sealing. Bense et al. (2003a) report on the groundwater flow associated with these faults, suggesting
they form baﬄes for cross fault flow and enhance vertical flow. An outcrop study in the nearby Roer
Valley Rift System (Bense et al., 2003b) reports that this heterogeneity is a result of disaggregated
sand bodies in the damage zone of the fault. Bense et al. (2003b) also propose pebbles in the fault
to cause holes in the clay smear and describe how clay smears are enhanced in volume by grain-scale
mixing.
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While outcrop studies are our first and most important resource of knowledge about clay smear,
they are limited in a number of crucial points. It became clear that the entire fault including the
source clay layer in both foot- and hanging wall as well as surrounding deformation structures are
of great importance for clay smear development. However, faults with clay smear in reservoir-scale
(tens of meters) can hardly be observed in their entirety in outcrops. Furthermore, outcrops provide
mostly 2-D information on an inherently 3-D problem. Kinematics of a fault and mechanics of the
faulted sediments during deformation are hard to determine. Vrolijk et al. (2016) state that ’Outcrops
will always be limited in the dimensions of observation and thus over-estimate the continuity of
structural components.’
2.2.3. Laboratory studies
A variety of approaches is used to model clay smear under controlled laboratory conditions. Ring-
shear experiments (Fig. 2.7A) are used to run parameter tests under controlled stress/strain
conditions (Clausen and Gabrielsen, 2002; Clausen et al., 2003; Cuisiat and Skurtveit, 2010;
Sperrevik et al., 2000). Cuisiat and Skurtveit (2010) additionally performed fluid flow measurements
across the clay smear and report increasing flux with decreasing clay smear thickness. However, in
ring shear experiments deformation localization is strongly predefined by the experimental setup,
forming a thin shear zone approximately in the plane of the forcing rings. Further limitations are
the relatively small sample width and a possible heterogeneous distribution of initial stresses due to
sample preparation.
Experiments using a direct shear cell (e.g. Fig. 2.7B) are presented by Karakouzian and Hudyma
(2002), who show the formation of deformation bands and fault lenses. Urai et al. (2003) use a
geotechnical direct shear cell with layers of different clays and sand. Results show a widening of
the deformation bands in the sand layers. Single clay layers embedded in thick sands tend to lose
continuity with large displacements.
A modified direct shear cell with less sharply enforced boundary conditions along the slip plane
and allowing across-fault flow measurements in lithified sand- and claystones was presented by
Giger et al. (2011). CT-scans of the deformed samples provide insights into the 3-D thickness
distribution of the clay smears (Çiftçi et al., 2013). Results show that the distribution of thicker
clay-lenses is related to clay strength. Strong clays tend to form more segmented clay smears with
clay fragments being incorporated into the fault, while weaker clays form rather continuous clay
smears. Brittle deformation and abrasion are described as driving processes for clay smear formation.
Flow measurements in the same deformation cell (Giger et al., 2013) show that higher clay content
in the source bed and increasing normal stress lead to better sealing behavior. The authors show
that, at small displacements, highly over-consolidated and cemented clays are breached by dilatant
fractures.
Triaxial experiments (Fig. 2.7C) provided by Crawford et al. (2008), Crawford et al. (2002), and
Takahashi (2003) use pre-cut cylinders to avoid rotation of the samples. These experiments allow a
deformation of the samples under well controlled stress conditions and allow flow measurements.
Results point out that mixing on grain-scale is a very important process, and high contents of sand
in the gouge strongly influences the gouge’s permeability (Crawford et al., 2002). However, the
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Figure 2.7.: Experimental setups used for clay smear research. A: Ring shear device; B: Direct shear cell.
C: Triaxial shear cell. D: Sandbox. Modified after Vrolijk et al. (2016).
pre-cuts impose strong boundary conditions on the samples and sample sizes are quite small.
Schmatz et al. (2010a,b) present experiments on clay smear formation in a water-saturated
sandbox (Fig. 2.7D), where layers of sand and clay deform above a predefined rigid basement fault,
in some experiments with pre-cut top plates to simulate deformation between stronger rock bodies.
The dimensions of these models allow the formation of releasing or restraining relays. Glass side
walls allow for dynamic observation of the fault zone and clay smear evolution in side-view. Results
show throw partitioning as a result of lateral fault migration in the early stages of deformation.
Micro-scale observations show a thickening of clay smears due to grain-scale mixing. A series of
experiments with different clay strengths illustrates processes like brittle fracturing and reworking
of brittle clay. Noorsalehi-Garakani et al. (2013) continued this work by detailed characterization of
the material properties for the small stresses in the sandbox and introduced a method to excavate
the clay smear to analyze its 3-D structure and continuity.
Based on these studies, Vrolijk et al. (2016) point out a number of observations towards restrictions
and possible improvements of laboratory studies. All experimental designs struggle with boundary
conditions enforced onto the sample body. The large variations between different setups cause quite
different localization geometries. The strongest effects of experiment design on fault localization
is expected in ring-shear experiments and triaxial tests with pre-cut samples. Sandbox models
use larger samples and allow the fault to localize more freely, resulting in a complex geometry
structurally closer to natural faults. However, sandbox models (like many others) require low
stresses and hence only allow clay smear formation by granular flow. Cataclastic deformation of
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sands, common in faults at depth, are only modeled by some ring-shear experiments (Cuisiat and
Skurtveit, 2010) and the direct-shear models of Giger et al. (2013).
Mechanical properties of the materials are identified as important parameter in clay smear
formation, however studies focused mainly on varying the strength of the clay. A regime less studied
is a brittle sand with weak clays, where fragments of the sand are mixed and reworked in a ductile
clay matrix.
In general, experimental studies can improve in terms of integrating structural observations
- necessarily in 3-D - , mechanical properties, permeability tests and microscale observations.
Chapter 7 provides a step towards such an integrated study.
2.2.4. Numerical simulations
The numerical toolbox to study clay smears or fault processes leading to the formation of clay smears
includes discrete element models (DEM) and continuum models. Discrete element models, which
build on interactions of discrete particles with defined properties, are currently limited in their total
number of particles due to computing power. This make it impossible to compute realistic grain
size contrasts between sand and clay, or larger 3-D models for that matter. Nevertheless, important
lessons on stress distribution and fault mechanics can already be learned from such models, while
computing power increases and in the future promises to allow even better models.
Schöpfer et al. (2006, 2007a,b) present studies on fault development and localization in mechanically
layered systems with systematically varied cohesion contrasts between strong and weak layers. They
show that first localization initiates in the stronger layers with subsequent linkage across the weaker
layers by the means of shallower dipping fault segments. They also show, that fault zones increase
in complexity and width with increasing strength contrast. However, in these models the focus was
not on the smearing of weak clay-like layers.
Raith (2012) presented similar models, where a stronger clay layer was embedded in a weaker
sand above a fault with varying fault dip. Results show geometries closely related to the structural
domains (precursor and graben domain) defined by Nollet et al. (2012), where both domains show
very different structures of ’clay’ failure. Models in the graben domain show brittle failure and
fragmentation of the stronger layer, while at the same strengths models in the precursor domain
produce a more continuous ’smear’.
Egholm et al. (2008) used SDEM simulations to model faulting with a weaker clay layer and
showed the formation of restraining bends that cause the clay to flow into the fault. This observation,
while being supported by field observations of van der Zee et al. (2003), contradicts the proposed
model of Lehner and Pilaar (1997), who observed a steepening of the fault in the clay.
Gudehus and Karcher (2007) present simulations of clay smearing in sand based on hypoplasticity.
The most important observation of their models is that, while the fault zone widens continuously
with increasing offset, the clay smear thickness reaches a steady state thickness at approx. 15 % of
the source layer’s thickness.
The effect of varying basement fault dips was studied by Nollet et al. (2012) using the finite
element code ELFEN. These simulations result in the definition of two structural domains: The
graben-domain for basement fault dips < 60°, and a precursor domain for > 70°, with a transition-
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zone in between. The exact value of the dip angles is, however, controlled by the specific material
properties. Building on these simulations, Kleine Vennekate (2013) studied the development of strain
localization in multi-layered setups. Observations from these simulations led to the formulation of a
new methodology to evaluate the continuity of a clay smear in a normal fault. This methodology
takes into account not only the actual geometry of the deformed clay, but also considers the stress
state and the shear strength of the low permeable layer. An example of this method is given in
Section 8.5.1 (Figs. 8.16 to 8.18).
Vrolijk et al. (2016) summarize the current problems of numerical modeling: ’In numerical models
it is less clear what aspects of clay are included in the description of the material - this is true
for both FEM and DEM models. For example, in a DEM model one may include a reasonable
description of macroscopic mechanical properties, while the particle size of the Discrete Elements
hinders the effects of grain scale mixing. Or, in a FE model clay softening and localization may be
included in the formulation without a correct description of the thin shear zones that develop in clay
or of the slicing and fragmentation often observed in experiments’. To validate and point out the
stregnths of different approaches, they suggest using benchmark simulations to compare different
codes.
2.2.5. Summary & discussion
One of the most important outcomes of this review article on clay smear is, in my eyes, the
formulation of the strength-matrix shown in Figure 2.8 (Vrolijk et al., 2016). Here we compiled
diagnostic structures and processes of clay smear formation under different absolute and relative
clay and sand strengths.
All outcrop, experimental and numerical studies can be classified according to this matrix.
However, only a subset is actually studied in detail. For example, the regime where sand fails in a
brittle mode while clay deforms by ductile processes and where the clay is much softer than the
sand, is poorly covered in research.
Current limitations with experimental and numerical studies are: (i) a lack of understanding of
reworking processes of clay in critical state (although described by Schmatz et al. (2010b) and in
Chap. 7); (ii) major uncertainties in upscaling of models towards faults in nature. Scaling of small
to large natural faults can already be challenging (Torabi and Berg, 2011), but scaling from cm
scale, low stress faults in sandbox experiments to hundreds of meters large faults in 3 km depth is
even more difficult. Not all processes of large faults are represented in experiments (i.e. cataclasis);
(iii) an incomplete representation of processes like cataclasis in sandbox models, or complex fault
geometries with relays in direct or ring shear models; (iv) an incomplete understanding of the
evolution of fault structures in 3-D.
Processes that create holes in clay smear, while being crucial in fault seal applications, received
relatively little attention in the literature. This is partially related to the inherent difficulty of
encountering holes in clay smears in 2-D outcrop studies. Laboratory experiments (Noorsalehi-
Garakani et al., 2013) provide observations of holes post mortem, but still fail to clearly identify
processes causing them. In this thesis I show the role of secondary faulting (i.e. Riedel shears,
Chap. 8) and mechanical stratigraphy (Chap. 7) on hole formation.
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Figure 2.8.: Matrix relating absolute and relative strength differences of clay and sand to diagnostic processes
and structures. Terms ’Ductile’ and ’Brittle’ used in the meaning of Ingram and Urai (1999). Modified after
Vrolijk et al. (2016).
Future research on clay smears may benefit from a better link with related areas of research such
as fault gouge or earthquakes.
2.3. Flow in Sandbox experiments
In Chapter 7 I present flow measurements in sandbox experiments coupled with numerical flow
simulations. These flow simulations are based on the idea of laminar single phase flow in porous
media. In this section I provide some basic fundamentals of flow in porous media.
2.3.1. Single phase flow in porous media
While physically describing a porous medium requires a number of parameters such as grain-size,
size distribution, porosity and grain shape, describing its flow properties can, in simple way, be
achieved by a single number, the hydraulic conductivity K [m/s]. In a physical point of view the
hydraulic conductivity linearly relates the Darcy flow Q [m3/s], the viscosity µ [Pas] the length
of a sample L [m], the surface of a sample A [m2] and the hydraulic head difference between both
sides of a sample dh [m] in Equation (2.15).
K = Q · L · µ
A · dh [m/s] (2.15)
This relation transposed for Q was originally found by Henry Darcy in 1856 and is widely known
as Darcy’s Law (Eq.2.16).
Q = −K ·A · −dh
µ · L [m
3/s] (2.16)
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In geology, where fluids with different densities and viscosities like oil or gases are common,
often the permeability k rather than the hydraulic conductivity is used as a measure. The relation
between permeability and hydraulic conductivity is given in Equation (2.17).
k = K µ
ρ · g [m
2] (2.17)
Since permeabilities in rocks are usually very low a more practical unit is the darcy (d) or
millidarcy (md) which is defined as 1d = 10−12m2.
While in simple systems with a homogeneous thick clay layer the thickness is indicative for the
total flux across it, it gets more complex with a heterogeneous thickness distribution of the same
clay volume. This can be shown by a simple example. Imagining two cells of 1 cm2 surface (A)
each which are assigned a hydraulic conductivity (K) of 4 · 10−8m/s. In a first case both cells have
a thickness (L) of 1 cm, in a second case one cell has a thickness of 1.5 cm and the other 0.5 cm
(Fig. 2.9). In both cases the total volume of the cells is 2 cm3. However, calculating the Darcy flow
for each cell and summing them up reveals that the second case has a significantly higher flux (6.4
cm3/min as compared to 4.8 cm3/min) although both have the same clay volume.
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Figure 2.9.: Simple calculation showing that a heterogeneous distribution of layer thickness leads to higher
Darcy flux compared to a homogeneous layer with the same total volume.
In a real case this distribution is highly complex on larger surfaces, and high flux through thin
parts affect the surrounding hydraulic head, which again affects the flux distribution. To solve such
systems a complex code is required and we make use of a finite element (FE) approach using the
software FEFlow. FEFlow allows building complex geometries with heterogeneous mesh densities
while providing a user-friendly interface.
2.3.2. Effective hydraulic conductivity of a sediment stack
In nature as well in our experiments the investigated systems consist of several layers with different
thicknesses and hydraulic conductivities. For different applications it is useful to calculate the
effective hydraulic conductivity of the entire stack. We imagine a stack of three layers (total thickness
L) of which we want to calculate the effective conductivity with layer (1) thickness L1 and hydraulic
conductivity K1, layer (2) L2 and K2 and layer (3) L3 and K3. The vertical effective hydraulic
conductivity Kv according to Langguth and Voigt (1980) then calculates as the harmonic mean
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Kv =
L
( L1K1 +
L2
K2
+ L3K3 )
or universal Kv =
L
n∑
i=1
( LiKi )
(2.18)
Equation (2.18) shows that the hydraulic conductivity of a system is mainly controlled by the
layer with smallest individual conductivity value. This means, in the experiments presented in
Chapter 7 the clay layer mainly controls the flow in the system. Following the same train of thought
allows calculating the hydraulic conductivity of an unknown material embedded in layers of material
with known conductivities, which is applied when determining the hydraulic conductivity of a thin
clay layer in a falling head permeameter test.
According to Langguth and Voigt (1980) the horizontal effective hydraulic conductivity Kh
calculates as arithmetic mean
Kh =
K1L1 +K2L2 +K3L3
L
or universal Kh =
1
L
n∑
i=1
KiLi (2.19)
The horizontal hydraulic conductivity is strongly controlled by thick layers and layers with high
hydraulic conductivity.
2.3.3. Risk of hydraulic breakthrough
Water flowing through very thin clay veneers bears the risk of eroding the clay and thus producing
discontinuities. A prominent example is the inflow of groundwater in the open-cast mine Hambach
(Spiller et al., 2004). The controlling factors here are the pressure gradient, thickness of the clay
layer and the cohesion of the clay smear. A method to assess this risk is the Rehfeld criterion
(Rehfeld, 1967) for contact erosion in clay. the Rehfeld criterion was developed as tool to determine
a safe thickness of sealing layers for applications such as landfill development. It’s coefficient of
security η is defined as
η = 3 · c2 · dp · [I · γw + 1.1 · γ · cos(α)] (2.20)
with c: cohesion [kN/m2], dp: diameter of void space (filter material) [m], I: hydraulic gradient
[dimensionless], γw: volumetric weight of water [kN/m3], γ: volumetric weight of clay [kN/m3]
and α: inclination of the fault [rad]. The hydraulic gradient I is the quotient of the hydraulic
head difference ∆h [m] and the thickness of the clay layer l [m], thus leaving the hydraulic gradient
dimensionless. The diameter of void space of the sand can be estimated using the equation for the
effective pore space of Busch et al. (1993):
dp = 0.455 · 6
√
U · e+ d17 (2.21)
with U : inequigranularity [dimensionless], e: void ratio [dimensionless] and d17: grain diameter
at 17 % screen underflow.
Since it has been show that hydraulic breakthrough can in rare cases occur in nature under high
over-pressures and change the permeability of a fault stronger than the process of clay smearing
does, one of the pre-requisites of experiments shown in Chapter 7 was to ensure that hydraulic
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heads applied to measure permeability does not produce hydraulic breakthrough. In the following I
show a brief calculation demonstrating that this is not the case.
To estimate the diameter of void space according to Equation (2.21) I use the following values:
U = 1.2, e = 0.644736842 and d17 = 0.00014m, resulting in
dp = 4.234 · 10−5m (2.22)
However, it has to be noted that clay minerals have anisotropic shapes, and so have the pores in
clays. As a result, the diameter of void space in clays would also be anisotropic, and the Rehfeld
criterion as well.
The values for the Rehfeld criterion are as follows: c = 3.9 kN/m2, γw = 10 kN/m3, γ =
13.73 kN/m3, α = 1.22 rad and we know from Equation (2.22) that dp = 4.173 ∗ 10−5 m. The
hydraulic gradient I [dimensionless] is the fraction of the hydraulic head difference ∆h [m], which
is in our case the elevation difference between inlet and outflow, and the thickness of the clay l [m]:
I = ∆h
l
(2.23)
Assuming a very thin clay veneer of 0.1 mm and a feasible hydraulic head difference of 10 cm
results according to Equation (2.23) in I = 1000. Putting all these values in Equation (2.20) gives
us a Rehfeld criterion of
η = 13.8 (2.24)
According to the criterion values larger than η = 1 result in no hydraulic breakthrough or
erosion. So the experiments in Chapter 7 are unlikely to develop hydraulic breakthrough of the clay
smear. Even hydraulic head differences of up to one meter will still be safe in terms of hydraulic
breakthrough, but the higher flow rates might erode and thus enlarge existing holes, thus I will
keep the hydraulic head difference as small as possible.
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Abstract
The effects of failure mode transition from tensile to shear on structural style and fault zone
architecture have long been recognized but are not well studied in 3D, although the two modes
are both common in the upper crust of Earth and terrestrial planets, and are associated with
large differences in transport properties. We present a simple method to study this in physical
scale models of normal faults, using a cohesive powder embedded in cohesionless sand. By varying
the overburden thickness, the failure mode changes from tensile to hybrid and finally to shear.
Hardening and excavating the cohesive layer allows post mortem investigation of 3D structures
at high resolution.We recognize two end member structural domains that differ strongly in their
attributes. In the tensile domain faults are strongly dilatant with steep open fissures and sharp
changes in strike at segment boundaries and branch points. In the shear domain fault dips are
shallower and fault planes develop striations; map-view fault traces undulate with smaller changes in
strike at branches. These attributes may be recognized in subsurface fault maps and could provide
a way to better predict fault zone structure in the subsurface.
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3.1. Introduction
It is well known that brittle rocks can fail in opening-mode, shearing-mode or in hybrid mode
(Chemenda et al., 2011; Engelder, 1999; Ferrill and Morris, 2003; Hancock, 1985; Ramsey and
Chester, 2004). Tensile and shear failure modes are both common in the upper crust (Mandl, 2005;
Mandl et al., 1977; Price and Cosgrove, 1990) and the transition from tensile to shear failure (for
the same material) occurs with an increase in effective mean stress. In a normal faulting stress
regime, fault dip decreases with the transition to shear failure (Fig. 3.1).
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Figure 3.1.: Schematic illustration representing the Mohr-Coulomb failure criterion for tensile, hybrid and
shear failure.
Experimental evidence of failure mode transition due to changes in confining pressure has been
presented by Paterson (1978), Ramsey and Chester (2004), Bobich (2005) and Rodriguez (2005)
based on triaxial experiments on Marble and Sandstone as well as by Chemenda et al. (2011) and
Nguyen et al. (2011) based on pressed TiO2 powder. These tests showed that with increasing
confining pressure the fracture style changes and the angle between the fracture and maximum
principle stress direction increases. Schöpfer et al. (2007b) and Schöpfer et al. (2007a) used a similar
geometry in discrete element models to calibrate and model failure mode transition in 2D fault
zones. When the hard layers fail in tension wider and more complex fault zones develop; whereas
when the whole layered model fails in shear the fault zones tend to be narrower and there is a
smaller change in dip across layer boundaries. Patton et al. (1998) studied experimental faulting in
layered limestone samples under confining pressures of 100 and 200 MPa. Two-dimensional crosscuts
of the experiments showed that lower pressures lead to extensional failure and more irregular faults.
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Dilational faulting has received much less attention than shear faulting, although it has been
argued to be common, for example in Mid Oceanic Ridge basalts where dilational faults may host
large life forms in caves under the sea floor (Holland et al., 2006) and in carbonates at shallow
depths (e.g. van Gent et al., 2010). Field examples of dilational normal faults have been described
in a variety of rock types and geologic settings.
Ferrill and Morris (2003) characterized fault refraction and dilational normal faults in mechanically
layered carbonates of central and west Texas; the authors also described dilational normal faults
in mechanically layered carbonates and clastic sedimentary strata in the North Pennine Orefield,
England. Ferrill et al. (2014) studied normal fault refraction and dilational normal faulting in
mudrock and chalk in south-central Texas.
van Gent et al. (2010) observed dilatant faults in competent carbonates of the United Arab
Emirates. Several authors have studied basalts in Hawaii and Iceland which show massively dilatant
extensional faults (Acocella et al., 2000; Angelier et al., 1997; Ferrill et al., 2011b; Gudmundsson
and Bäckström, 1991; Holland et al., 2006).
Soden and Shipton (2013) investigated dilational faults on Gran Canaria and found mechanical
property variations to be a controlling factor for the development of extension fractures. Ferrill et al.
(2012) described a small-displacement fault in Texas, USA, comprising features of both dilatant
and shear failure. The features included local changes of fault dip expressed by calcite covering
steeper parts and shallower dipping lower parts containing slickenlines. The authors interpret these
as indicators for hybrid failure. Comparable structures have also been described by Ferrill et al.
(2014) in chalk beds of the Eagle Ford Formation, Texas.
Micarelli et al. (2005) investigated two faults in a limestone layer formed at different depths in
the SE-Basin, France. They observed brittle processes such as dilational jogs in the low pressure
regime, whereas at greater depths the faults consist of shear zones connecting en-echelon pull-aparts,
which are most likely caused by hybrid failure. Under non-cohesive overburden, voids are filled with
sand from the overburden. Depending on the amount of dilatancy this process forms either pit
craters or large along-strike/elongated collapse grabens. These pit craters were described by Ferrill
et al. (2004, 2011b) on Mars and in Iceland.
In summary, although faulting in hybrid and extensional failure modes is important in the upper
crust, corresponding 3D geometries are not well understood. In this study we present the first
results of scale models of normal fault zones that develop in layered models, with different failure
modes in the cohesive layer enclosed between two cohesionless layers which fail in shear. We aim
to relate map-view structures to geometries of the fault zones. We use well characterized cohesive
powders which have previously been used to study extensional and hybrid fracturing in scaled
models (Abdelmalak et al., 2012; Ferrill et al., 2004; Galland et al., 2006, 2003; Holland et al., 2006;
van Gent et al., 2010; Walter and Troll, 2001). The failure mode of the cohesive layer is changed
from tensile to shear by increasing the overburden thickness and by that increasing the overburden
pressure.
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We used a model consisting of a 25 mm layer of hemihydrate powder on top of a sand layer covered
by varying amounts of overburden sand to vary the failure mode of the cohesive layer. These models
scale to represent cohesive layers embedded in cohesionless material in the upper few km of the crust
(van Gent et al., 2010). Boundary conditions follow Eisenstadt and Sims (2005) with an asymmetric
extensional graben above a moving base layer (cf. Fig. 3.3). Adding water post-mortem hardens
the powder and allows the faults to be studied after removal of the cover sand. Particle imaging
velocimetry (PIV) is used to study the velocity field. Three-dimensional models of the excavated
brittle layers are acquired by photogrammetry and allow the fault dips, map-view fault geometry
and fault zone structure to be analyzed.
3.2.1. Material properties and scaling
Properties of sand and hemihydrate powder at small stresses are well known from previous studies.
In the following we summarize material properties and scaling.
3.2.1.1. Sand
We used quartz sand from Carlo Bernasconi AG, Switzerland (Quartz sand TYPE A 0.08 - 0.2 mm)
that has been used as a standard for the BENCHMARK project (Schreurs et al., 2006). It has a
packing density of 1324 kg/m3. For the small overburden pressures used in our presented experiments
the failure envelope of the cohesionless sand is non-linear (Maksimovic, 1989; Noorsalehi-Garakani
et al., 2013; Schellart, 2000). Its mechanical properties under very small stresses were measured by
Noorsalehi-Garakani et al. (2013). The friction angle (ϕ = 90− θ, with θ being the coefficient of
internal friction) decreases from 61°± 4°at the surface to 58°± 2°at the highest vertical stress in our
experiments which is 1 kPa.
3.2.1.2. Hemihydrate powder
The properties of hemihydrate powder have been studied by Holland et al. (2006), van Gent (2006)
and van Gent et al. (2010). The powder tends to form clusters with sizes of 10µm to 400 µm and it
has a ‘Cam-Clay’-type behavior, relating both cohesion and tensile strength to the initial void ratio.
In an uncompacted state, cohesion is about 40 Pa and tensile strength is 9 Pa, both increasing
with decreasing initial void ratio (i.e. increasing compaction). Coefficient of internal friction is 0.6,
independent of compaction (van Gent et al., 2010). Because of the slight pre-compaction in our
experimental set-up (cf. Sect. 3.2.3) cohesion is estimated to be 40 - 60 Pa at 10 mm overburden,
85 - 105 Pa at 35 mm overburden and 150 - 170 Pa at 80 mm overburden (Fig. 3.2). Error bars
represent these ranges.
3.2.2. Scaling
Because we want to make sure that failure mode in model and prototype is the same, scaling of
cohesion and overburden pressure must be extended with tensile strength. To relate our models to
natural prototypes, we calculate cohesion and tensile strength that a cohesive rock needs to fail in
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Figure 3.2.: Relationship of cohesion, tensile strength and overburden pressure (thickness of overburden
sand). Data compiled from van Gent et al. (2010). Error bars represent a possible range of values that might
occur due to initial compaction during experiment setup.
Extension mode - 10 mm
overburden
Hybrid mode - 35 mm
overburden
Shear mode - 80 mm
overburden
Overburden pressure model
[Pa]
129 455 1039
Cohesion model [Pa] 50 98 150
Tensile strength model [Pa] 20 32 40
Overburden pressure
prototype [MPa]
12.9 12.9 12.9
Scaling factor for stress 10 × 104 2.85 × 104 1.25 × 104
Cohesion prototype [MPa] 5 2.7 1.9
Tensile strength prototype
[MPa]
2 0.9 0.5
Table 3.1.: Mechanical parameters of the modeling material and a hypothetical rock prototype, scaling for
a cohesive layer covered by a 1000 m thick non-cohesive layer.
tension, hybrid or shear mode while being covered by 1000 m of cohesionless sand. To do so we
scale the Mohr diagrams for stress and failure for each experiment by multiplying experimental
cohesion and tensile strength values with a scaling factor related to the overburden pressures of the
models and the prototype. The effective vertical stress of the prototype is 12.9 MPa (based on a
sand density of 1324 kg/m3) for all cases, while it increases from 129 Pa to 1039 Pa with increasing
overburden pressure in the different models.
The cohesion in the models also increases slightly with increasing overburden pressure. The
friction angles of the prototype and model are assumed to be equal. Based on these data and
assumptions, we calculate cohesion and tensile strength for the prototypes. For example, in the case
of tensile failure, overburden pressure in the model is 129 Pa and in the prototype it is 12.9 MPa,
giving us a scaling factor for stresses of Σ = 12.9 MPa/129 Pa = 100,000. Multiplying cohesion and
tensile strength of the model with this scaling factor results in a prototype cohesion of C = 50 Pa ×
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Σ = 5 MPa and a prototype tensile strength of TS = 20 Pa × Σ = 2 MPa. Table 3.1 summarizes
the scaling for the three presented cases giving cohesion and tensile strength of natural rocks that
would fail in tension, hybrid or shear with the same overburden pressure.
3.2.3. Experiment setup and protocol
All experiments in this paper follow the same basic setup. A layer of cohesive hemihydrate powder
is embedded between layers of sand, deformed and hardened. Sand and powder are sieved from
30 cm height to ensure a reproducible compaction; the surfaces are made horizontal by moving a
metal scraper over the surface (minimizing pre-compacting). The overburden sand is sieved from
only few centimeters height to not increase the compaction due to the impact of falling sand. After
completion the entire experiment is wetted over the course of 8 - 12 h by covering the experiment
with a sheet of fabric and adding water carefully. After hardening the plaster layer can be excavated
quickly with brushes and a hot-air gun.
The deformation apparatus and boundary conditions are similar to those used by Eisenstadt
and Sims (2005). A moving 1 mm thick metal plate is moved 10 mm, in 0.5 mm steps on a base
plate between two fixed glass walls (Fig. 3.3). This extends the model and a graben forms. Strain
localization starts at the edge of the moving plate and propagates upwards with the plate boundary
representing a basement fault. The movement of the plate edge causes the graben to be asymmetric
and strongly segmented at the moving side (as already shown and explained by Eisenstadt and Sims
2005).
During deformation high resolution photographs are taken through the glass to allow post-
processing by particle imaging velocimetry. In these experiments, 50 mm of sand and 25 mm
of hemihydrate powder with an overburden of 10, 35 and 80 mm were used. These thicknesses
were selected based on the results of several test experiments. Mohr circles at yield stress were
constructed to illustrate the stress conditions and failure mode (Fig. 3.4) at the top of the cohesive
layer.
3.3. Results
3.3.1. Observations
As one of the main observations of these experiments is the occurrence of extensional fractures at
small overburden pressures, we must first describe the effect of secondary fracture formation during
the wetting process. The hemihydrate powder shrinks during wetting as capillary forces compact the
relatively loosely packed powder by up to 0.5% horizontally and 2 - 4% vertically. Opening-mode
fractures that form exclusively due to shrinkage produce a characteristic, mostly hexagonal pattern
similar to columnar basalt. These are best seen in the hemihydrate layers away from the grabens.
In the fault zones the shrinking fractures preferably localize at existing fractures or weaker zones.
In the tensile failure experiment no additional shrinking fractures could be observed since there
are already numerous open fractures that instead just widen slightly. All observed fractures show
both a throw component and a fracture aperture larger than the shrinking could produce. In the
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Figure 3.3.: Illustration of the deformation apparatus and the experimental set-up.
shear failure experiment where no extensional fractures are assumed to occur during deformation,
fractures with small apertures open locally along the weaker sheared zones.
3.3.1.1. Tensile failure: 10 mm overburden
The graben in the cohesive layer consists of a network of extension fractures with sand and
hemihydrate fragments in the fractures (Fig. 3.5A & A1). In most experiments a fracture with
almost no throw forms initially in the cohesive layer and extends over the entire model. This is
followed by the initiation of a major fault closer to the graben axis, also extending through the
model, with the block between the first fracture and the master fault tilting (cf. Holland et al., 2006)
towards the graben and fragmenting into smaller blocks along relays. Map-view fault geometry in
the cohesive layer is rugged and zigzagged with sharp changes in strike between individual faults.
Faults in the cohesive layer dip vertically, and in parts are oversteepened. As result of dilatancy the
fracture surfaces show no striations or slickenlines (Fig. 3.6A).
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Figure 3.4.: Mohr circles at yield stress for the experiments with 10, 35 and 80 mm overburden, constructed
using the material properties of sand and hemihydrate powder.
3.3.1.2. Hybrid failure: 35 mm overburden
With 35 mm overburden sand the cohesive layer fails in hybrid mode. We observe both shear
fractures as well as fault patches with open fractures or a series of lens structures associated with
relays (Fig. 3.5B & B1). In contrast to the previous experiment, relay ramps are not always breached
and are more sinuous. Undulations of the fault trace at different scales are shown in map-view
(Fig. 3.5B). Faults dip 75°± 5°in the sections that fail in shear and 90°± 5°in the dilatant sections.
Faults are therefore a mixture of opening mode and shear mode surfaces (Fig. 3.6B).
3.3.1.3. Shear failure: 80 mm overburden
Using a thickness of 80 mm overburden sand causes the cohesive layer to fail in shear mode.
Numerous overlapping relays, breached relays and horses can be observed along the graben bounding
faults (Fig. 3.5C & C1). A distinct undulation of the fault traces is clear in the map-view images.
Rough and striated fault planes are characteristic (Fig. 3.6C). The faults are now inclined without
exception with dip angles of 70°± 5°. Almost no dilatant fractures occur; the few that we see are
interpreted to be shrinking fractures due to the wetting process.
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A: 10 mm overburden, 10 mm extension
10 cm
B: 35 mm overburden, 10 mm extension
10 cm
C: 80 mm overburden, 10 mm extension
10 cm
A1 B1 C1
Figure 3.5.: Photo plate showing top and oblique view of the experiments with 10 mm overburden (A &
A1), 35 mm overburden (B & B1) and 80 mm overburden (C & C1). Orientation of the moving base plate is
indicated by arrows.
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A
B
10 mm overburden: All fractures are in opening-mode
30 mm overburden: Opening-mode and shear-mode fractures alternate 
opening openingopeningshear
shear shearshear
C 60 mm overburden: Almost exclusively shear fractures
10 cm
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10 cm
Figure 3.6.: Fault surfaces change occurrence with transition from tensile to shear failure. Tensile failure
experiments exclusively show opening fractures; hybrid failure experiments show alternating patches of
opening and shear fractures; shear failure experiments almost exclusively show shear fractures.
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3.3.2. Fault geometry analysis
To quantify the qualitative description provided above, traces of the faults along individual hanging-
wall cutoffs of the cohesive layer were mapped from map-view photographs using ESRI ArcGIS.
Figure 3.7 shows the mapped fault traces from three experiments with 10 mm displacement. The
distance between picked points varies with the structural complexity.
3.3.2.1. Map view fault architecture
The most obvious difference in fault shape is the rugged or smooth outline of fault traces. In all
experiments we notice that faults almost never cross each other but rather form abutting branch
points. This indicates that the formation of the abutting faults occurs later than the basement-fault
parallel main faults in the 10 mm overburden experiment. There is a distinct difference in fault
strike, often up to 90°, forming abutting branch points. This causes a very rugged map-view of fault
configuration.
With thicker overburden, faults are more parallel and overlapping faults tend to hard-link with
lens formation by lateral fault growth. These corrugations formed by fault linkage are common in
fault systems (e.g. Ferrill et al., 1999; Mansfield and Cartwright, 2001; Peacock, 2002; Soliva and
Benedicto, 2004). Plotting the map-view fault traces as length-weighed rose diagrams (Fig. 3.8)
illustrates that in the 10 mm overburden experiment a number of short normal faults are oriented
subparallel to the longer main faults and the basement fault. These basement fault subparallel
short normal faults do not occur in experiments with thicker overburden.
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Figure 3.8.: Length-weighed rose diagrams illustrating the map view fault traces of the three experiments.
Frequency rings indicate 5 counts each. The color code is given below.
To further quantify the directional relationship between main and abutting faults we measured
the angles between fault strike at all branch points in these maps using image processing software
(ImageJ, Abràmoff et al., 2004). A very high resolution version of Figure 3.7 in which the measured
angles are plotted at the respective locations is provided as Supplementary Material (Sect. 3.A). At
the branch point of a fault abutting one continuous major fault, we always used the smaller angle.
Angles larger than 90°are measured between fault segments that are hard-linked at their respective
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tips and therefore can have angles up to 180°between them, or branch points with three angles
larger than 90°. Final results are plotted as cumulative frequency plots (Fig. 3.9).
The tensile failure experiment shows a wide variety of angles with the vast majority at higher
angles between 50°and 100°. The hybrid mode experiment shows a smaller range with a distinct
peak at 30 - 40°. The shear failure experiment shows even smaller angles with most between 10°and
40°. The results show a shift from higher to lower angles between fault strands at branch points
with increasing overburden pressure. Significance is supported by t-tests that give p-values below
0.01 for all experiments.
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Figure 9: Cumulative frequency plot illustrating the change in fault strike at branch points. Cumula-
tive frequency is given in percentage of the total numbers. Increasing overburden pressure leads to 
smaller angles. Figure 3.9.: Cumulative frequency plot illustrating the change in fault strike at branch points. Cumulative
frequency is given in percentage of the total numbers. Increasing overburden pressure leads to smaller angles.
3.3.2.2. Vertical fault architecture
Particle imaging velocimetry (PIV, Adam et al., 2005) was used to measure the velocity field at the
glass walls and calculate the strain rate field over time. Figure 3.10 shows the rotational component
of the velocity field overlain on an image of the model at 10, 50 and 90% bulk extension. Vectors
show the direction of movement and vector lengths illustrate the relative velocities. Although fault
geometry at the glass boundary is somewhat affected by friction against the glass (Cubas et al.,
2010), it represents the general geometry and illustrates the major differences of the different failure
modes.
In the model where the cohesive layer fails in extension, the faults refract at the sand - cohesive
layer interface in an extensional overstep and become vertical to oversteepened, forming open
fractures (e.g. Crider and Peacock, 2004; Schöpfer et al., 2006). The voids are then filled with sand
from above, and they form either pit craters or large elongated collapse grabens oriented along
strike (Fig. 3.11).
In hybrid failure fault dips in the cohesive layer vary (Ferrill et al., 2014, 2012). Across the
cohesive layer contractional over-steps develop and fault lenses indicate an increasing complexity of
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Figure 3.10.: The PIV analyses show the rotational component of the vector field (red: clockwise, blue:
counter-clockwise) to illustrate the strain localization and vectors illustrating the relative movement direction
for the experiments at 1, 5 and 9 mm movement of the base plate. Vector magnitude is modified to be equal
on both sides of the graben.
10 cm
Figure 3.11.: Top view photograph of the experiment with 10 mm overburden illustrating pit craters that
formed due to sand draining into void space within the dilatant parts of the faults.
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the fault zone. On average, faults in the cohesive layer dip towards the graben at 55°. Although
some dilatancy occurs, no pit craters could be observed at the sand surface, most likely due to
the thicker overburden. In the models in which the cohesive layer fails in shear, fault dips in the
cohesive layer are the same as in the sand. A number of interacting fault strands form a fault zone
with small relays and horses both in the sand and in the cohesive layer.
3.4. Discussion
Our results show a clear transition in 3D fault zone morphology associated with the transition from
extensional to shear failure in the cohesive layer. This transition is a result of changing ratio of
the strength and mean stress in the cohesive layers with increasing overburden thickness (van Gent
et al., 2010). Our results are in good agreement with the simulations of Schöpfer et al. (2007a,b) and
extend these results to 3D; the excavated models show characteristic differences in fault network.
3.4.1. Structural domains
In a study of the geometry of fault networks, Nollet et al. (2012) considered domains where structural
style and shear band patterns are only weakly dependent on the details of the properties of the
model materials. Within these domains, experiments and numerical models tend to produce similar,
i.e. robust patterns of shear bands that compare to faults in natural prototypes. Nollet et al. (2012)
defined the term structural domain for this.
Based on the analyses presented here, we propose that our experiments define two structural
domains with a characteristic structural style: extensional failure with open fractures at low
overburden pressures, and shear failure at higher overburden pressures. These represent end-
members with robust structural styles that will not change by increasing or decreasing overburden
pressure any further. There is no sharp boundary between these end-members. Instead a continuous
transformation from tensile to shear failure occurs, which we refer to as hybrid failure.
The extension domain is characterized by the following attributes: (1) angles between fault
segments show a strong variation with numerous fault branches at high angles around 90°; (2) open
fractures at the main faults; (3) few fault segments with many dead end fault tips; (4) fault dip
angles around 90°; and (5) absence of striations on the fault surfaces.
The shear domain has contrasting attributes: (1) angles between fault segments tend to be lower
than 40°; (2) no open voids; (3) many fault segments and splays with few dead end fault tips; and
(4) fault dip angles around 65°.
In the hybrid failure domain, attributes from both sets are present, with their relative contributions
shifting from extensional to shear failure, in agreement with triaxial experiments of Ramsey and
Chester (2004), Bobich (2005), and Rodriguez (2005) and discrete element models of Schöpfer et al.
(2007b) and Schöpfer et al. (2007a).
3.4.2. Comparison to other analog models
Fault zone models using wet, partially hardened plaster of Paris as a modeling material show
comparable structures to the tensile and hybrid failure experiments shown in this paper (see
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Fig. 3.5A & B). Dilatant open fractures occur at the surface while at depth the deformation is by
shear failure (Fossen and Gabrielsen, 1996; Lindanger et al., 2004).
Mansfield and Cartwright (2001) also used plaster as a modeling material in extensional regimes,
but did not observe dilatant fracturing, except for initial open cracks that then turned to shear
fractures with further displacement. The fault zone complexity and fault interaction they observed,
as well as striations on the fault planes and undulations of the fault traces on different scales, fit
well with our observations in shear failure regime (cf. Fig. 3.6C).
Our observations of the 10 mm overburden experiment compare well with the experiments of
Holland et al. (2006, 2011) and van Gent et al. (2010) using dry cohesive powder without overburden
as they showed rotating blocks and rubble in voids along the faults.
Ferrill et al. (2004) used a layer of cohesive silica powder covered by a sand layer above a rigid
basement fault (vertical at the top, shallower at depth) to study the formation of pit crater chains, a
surface expression of cohesionless soils that drain into opening voids below. These experiments show
a progression from small fault scarps to the formation of localized pit craters to finally a merging
of numerous craters. We also observed pit crater formation in the 10 mm overburden experiment,
but with a more sinuous and irregular array. This is interpreted to be a result of the less restricted
fault development due to the underlying sand layer and greater thickness of the cohesive powder.
In experiments with thicker overburden we observed no pit craters. Firstly this is because there is
less or no dilatancy, and secondly because the volume of the created space is small compared to the
overburden volume and the surface distance from the void; therefore if a dilatant structure were to
form it would be a small depression rather than a pit crater.
Extensional experiments using dry sand are not able to form dilatant faults as the sand lacks tensile
strength (Eisenstadt and Sims, 2005; Keep and McClay, 1997; McClay et al., 2002). Eisenstadt and
Sims (2005) compared sand and clay experiments with the same setups and showed a more complex
structure in the clay experiments. According to the authors this is a result of slower linkage of small
faults in wet clay.
In summary, our models in which the cohesive layer fails in shear compare well with other
models in this domain. In addition, our models in which the cohesive layer fails in tension define a
complementary structural domain, which has not been studied in as much detail. Our work builds
on the earlier results of Walter and Troll (2001), Holland et al. (2006, 2011) and van Gent et al.
(2010) which were run without overburden.
3.4.3. Comparison to natural prototypes
Many profile attributes in our models are well known from field studies. In the extensional domain
these are block rotation, extension fracturing (Schöpfer et al., 2006), vertical fault dips that were
described in basalts on Hawaii (Holland et al., 2006), the rift zone in Iceland (Acocella et al.,
2000; Grant and Kattenhorn, 2004; Gudmundsson, 1992; Gudmundsson and Bäckström, 1991),
in mechanically stratified carbonates in Texas (Ferrill et al., 2012; Ferrill and Morris, 2003) or in
the grabens of the Canyonlands National Park, Utah (Cartwright and Mansfield, 1998; Fossen,
2010; Trudgill and Cartwright, 1994; Walsh and Schultz-Ela, 2003). Numerous studies have been
conducted at Kilve foreshore, UK, where brittle limestone layers are embedded in softer shales (e.g.
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McGrath and Davison, 1995; Peacock, 2002; Peacock and Sanderson, 1992; Peacock and Sanderson,
1991). Limestone beds tend to fail with steeper faults than the shales, similar to our observations.
However, little is known of extensional faults in 3D, which form in this domain in the subsurface.
Shear failure is the better known case and many faults that formed under either large effective
normal stresses or synsedimentary in soft sediments show features like shallower fault dips, no open
voids, striations and cataclasis (Aydin and Johnson, 1983; Bastesen et al., 2013; Burhannudinnur
and Morley, 1997; Ferrill et al., 2011a; Kristensen et al., 2013; Lehner and Pilaar, 1997). The fine
grain size of the hemihydrate powder used in our experiments produces models which resolve more
details of the fault zones compared with experiments using sand; we observe the evolution of relays,
fault lenses and striated fault surfaces.
These attributes could be seen in seismic surveys and provide a way to better predict fault
zone structure in the subsurface. Systematically investigating outcrop data as well as seismic
interpretations of fault networks for the described structural domains and the attributes presented
here will be part of the follow-up work. The final aim is to provide a tool to enhance the prediction
of fault architecture and structure in the subsurface.
3.5. Conclusion
We developed a new technique to study the effect of different failure modes on 3D geometry of
normal faults using only sand, hemihydrate powder and water. The failure mode of the powder can
be selected by adjusting overburden thickness. Small pressures (<200 Pa) cause tensile failure, large
pressures (>600 Pa) result in shear failure. Hybrid failure develops between these end members.
Our results show that failure mode can be inferred from map-view fault zone geometry, and that
the map-view geometry provides important implications about fault attributes:
1. As predicted from theory and shown by other authors, fault dips in the cohesive layer change
gradually from vertical/outward dipping in tensile failure to about 60 - 70°dip in shear failure.
A consequence of the different fault dips is the absence of slickenlines and toolmarks with
tensile failure, whereas striations are common with shear failure.
2. Small overburden pressures leads to the formation of dilatant fault zones. Characteristic
features include steep to over-steepened fault dips, open voids at the faults due to fault
refraction to shallower dips at the base of the cohesive layer, few fault segments and straight
lateral fault traces with high angle fault branches.
3. Large overburden pressures cause the material to fail in shear. The defining attributes differ
distinctly from tensile faults in that shear faults show shallower fault dips, no open voids,
numerous fault splays with low angle fault branches.
4. Intermediate stress states lead to hybrid failure, combining features from both tensile and
shear failure. Open voids and shear deformation are irregularly distributed over the fault
surfaces and the fault dip varies in a wide range.
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This chapter was published as a peer-reviewed article:
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Evolution of a highly dilatant fault zone in the grabens of Canyonlands National Park, Utah, USA
– integrating fieldwork, ground-penetrating radar and airborne imagery analysis. Solid Earth 6,
839–855, DOI: 10.5194/se-6-839-2015, http://www.solid-earth.net/6/839/2015/
The field work presented in this chapter was carried out in 2011 during my MSc thesis and parts
of the results are included in the work ’The effect of preexisting joints on normal fault evolution -
insights from field work and analogue modeling’. However, the interpretation of GPR surveys was
improved drastically, new maps are included and completely new interpretations of the observations
are made in this chapter, written during my time as a PhD student. Figures 4.3, 4.5, 4.6, 4.7, 4.18
were shown earlier in this or a similar fashion, all other figures were changed significantly or are
developed new.
Abstract
The grabens of Canyonlands National Park are a young and active system of sub-parallel, arcuate
grabens, whose evolution is the result of salt movement in the subsurface and a slight regional tilt
of the faulted strata. We present results of ground-penetrating radar (GPR) surveys in combination
with field observations and analysis of high-resolution airborne imagery. GPR data show intense
faulting of the Quaternary sediments at the flat graben floors, implying a more complex fault
structure than visible at the surface. Direct measurements of heave and throw at several locations
to infer fault dips at depth, combined with observations of primary joint surfaces in the upper 100
m, suggest a highly dilatant fault geometry. Sinkholes observed in the field as well as in airborne
imagery give insights in local dilatancy and show where water and sediments are transported
underground. Based on correlations of paleosols observed in outcrops and GPR profiles, we argue
that either the grabens in Canyonlands National Park are older than previously assumed or that
sedimentation rates were much higher in the Pleistocene.
57
4. Evolution of a highly dilatant fault zone in the grabens of Canyonlands National Park, USA
Contents
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2. The Needles fault zone . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3. Data sources and methodology . . . . . . . . . . . . . . . . . . . . . . . 64
4.4. Remote sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5. Field observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.6. GPR observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.6.1. Devil’s Lane WE profile . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.6.2. Northern Cyclone Canyon WE profile . . . . . . . . . . . . . . . . . . . 73
4.6.3. Central Cyclone Canyon WE profile . . . . . . . . . . . . . . . . . . . . 73
4.6.4. Devil’s Kitchen WE profile . . . . . . . . . . . . . . . . . . . . . . . . 77
4.7. Interpretation and discussion . . . . . . . . . . . . . . . . . . . . . . . . 77
4.7.1. Evidence for dilatant faulting . . . . . . . . . . . . . . . . . . . . . . . 77
4.7.2. Fault shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.7.3. Fault zone complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.7.4. Graben age vs. deposition rates . . . . . . . . . . . . . . . . . . . . . . 83
4.8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Appendix 4.A. Digital supplement . . . . . . . . . . . . . . . . . . . . . . . . 89
58
4.1. Introduction
4.1. Introduction
Understanding the structure of dilatant fractures in normal fault zones is important for many
applications in geoscience. Reservoirs for hydrocarbons, geothermal energy and freshwater often
contain dilatant fractures (e.g. Ehrenberg and Nadeau, 2005; Jafari and Babadagli, 2011; Wennberg
et al., 2008). A better understanding of the internal structures of such fault zones is required
to extrapolate fault geometries in typical reservoir depths below the industrial seismic resolution.
This is especially complicated when failure structures of different generations and with different
mechanical properties interact with each other.
ba
c
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N
S
rotating block
Figure 4.1.: (a) Field photograph from the Devil’s Lane relay facing north. (b) Northern Cyclone Canyon
looking south. (c) View over the southern part of Devil’s Pocket looking north. These photographs show the
typical caps of the White Cedar Mesa sandstone, inferred faults (dashed lines) along vertical joint surfaces
(colored in green) that are typical for this region. A joint set parallel to the faults is clearly visible. In (b) a
block rotating into the graben due to reactivation of a joint by underlying faulting is shown in the west.
In this paper we present a case study focusing on the spectacular grabens of the Needles fault
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zone in Canyonlands National Park, Utah, USA (field photographs Fig. 4.1a-c), a fault array
that reactivates two preexisting major joint sets. The area is well known as a sandstone reservoir
analogue, and sedimentary rocks and soil are well exposed due to the semiarid climate. Estimates
of the beginning of graben formation vary from 60–80 ka (based on the dating of sediments in deep
open fissures; Biggar and Adams, 1987) to 1.4 Ma, which is the estimated time of incision of the
Colorado River (Schultz-Ela and Walsh, 2002). Present-day motions are known from interpretation
of interferometric synthetic aperture radar (In-SAR) data (Furuya et al., 2007). Reheis et al. (2005)
were able to date Quaternary strata deposited during formation of the grabens. These studies
show that the grabens of the Canyonlands are an active fault zone with syntectonic sedimentation.
The goal of this study is to better understand the coupling between deformation, erosion and
deposition in such an active system, as well as to gain insights into the internal structure of dilatant
fracture systems. To this end, we combine detailed field analyses with ground-penetrating radar
and remote-sensing data.
4.2. The Needles fault zone
The Needles fault zone is located in Canyonlands National Park on the western rim of the Paradox
Basin in southeastern Utah, USA (Fig. 4.2). This zone of extensive faulting is characterized by an
arcuate array of grabens, also known as The Grabens, that extends over 20 km southward from the
Colorado and Green River confluence and 5–6 km eastwards from the Colorado River. The grabens
strike NNE–SSW in the northern section and gradually change to a more E–W orientation in the
southern section (Fig. 4.3; e.g., McGill and Stromquist, 1979). The most spectacular grabens are
the northern ones, named (from east to west) Devil’s Pocket, Devil’s Lane, Cyclone Canyon, Red
Lake Canyon, Twin Canyon and Lens Canyon. Grabens were proposed to become younger further
to the east (Huntoon, 1982).
The regional tectonic influence of the Monument Upwarp (Fig. 4.2), a regional fold structure
developed during the Laramide Orogeny in early Tertiary (Condon, 1997; Goldstrand, 1994; Walsh
and Schultz-Ela, 2003), caused differential local tilting of the Needles fault zone, ranging from
2°toward NW (Furuya et al., 2007; Walsh and Schultz-Ela, 2003) to 4°toward WNW (Huntoon,
1982; McGill and Stromquist, 1979; Trudgill and Cartwright, 1994).
The stratigraphy of the study area consists of more than 300 m of Pennsylvanian evaporites at
the base, mainly halite, gypsum and anhydrite (e.g., Cartwright et al., 1995). These units are now
located at depths between 300 and 500 m, and they crop out only within the Colorado River incision
(e.g. Mertens, 2006). These are overlain by sandstones, intercalated shales and limestones of the
Pennsylvanian, as well as the prominently jointed Permian Cedar Mesa sandstones on top (Huntoon,
1982; Lewis and Campbell, 1965; McGill et al., 2000). This entire overlying sediment package
reaches up to 500 m in thickness (e.g., Cartwright and Mansfield, 1998; Fossen, 2010; McGill and
Stromquist, 1979; Moore and Schultz, 1999; Schultz and Moore, 1996; Trudgill and Cartwright,
1994).
The grabens are filled with unconsolidated Quaternary soft sediments. According to the geological
map of Billingsley et al. (2002) most of Devil’s Pocket and Cyclone Canyon as well as northern
Devil’s Lane are dominated by Holocene and Pleistocene alluvial deposits. The southern section of
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study area (grabens in the Canyonland National Park) is located at the northern end of the Monument
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(2004), Hintze et al. (2000), and Huntoon et al. (1982).
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Figure 4.3.: (a) Needles Area, northern part of the grabens as a hillshade digital elevation model (National
Elevation Dataset, NED). Presented GRP profiles indicated by numbered stars. Entire collected GPR data
set is shown by black lines. (b) Overview of the Canyonlands grabens. Graben-bounding faults mapped via
orthoimagery. Sinkholes mapped in the field and from imagery.
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Devil’s Lane is mostly filled with Holocene alluvial fan deposits. Isolated depressions permitted
ponding of Holocene silt and mud in Devil’s Lane and Cyclone Canyon with sediment thicknesses
of up to 2 m. Faulting significantly influences the distribution of local deposition centers and the
drainage system (Trudgill, 2002). All grabens contain rockfall debris (Fig. 4.1b).
Incision of the Colorado River, in combination with the local tilt, is seen by most researchers as
the cause for the formation of the grabens, either due to salt movement or gravitational gliding.
Huntoon (1982) proposed that salt movement occurs as a reaction to the unloading effect of the
incising Colorado expressed as the Meander Anticline, a fold structure following the Colorado River,
with the stream flowing in the fold axis striking roughly NNE. Furuya et al. (2007) showed by using
InSAR measurements that the uplift of the Meander Anticline as well as the graben formation is
ongoing, which is expressed most prominently by NW-oriented extensional movements of up to 3
mma−1 in the south of the grabens. Faulting in Canyonlands National Park occurs as aseismic
creep; the only recorded earthquake activity was a series of microquakes in the spring of 1987, with
magnitudes ML ≤ 1.8 at a depth of 6–10 km, which is far below the decoupling salt layer (Moore
and Schultz, 1999; Wong et al., 1993).
To investigate sediment thicknesses and their distribution, Grosfils et al. (2003) and Abrahamson
(2005) used seismic refraction surveys in northern Devil’s Lane and Cyclone Canyon, respectively.
Grosfils et al. (2003) additionally collected gravity data. They estimate maximum thicknesses of
Pleistocene and Holocene sediments of more than 90 m in Devil’s Lane and 60–75 m in Cyclone
Canyon. The resulting total throw (i.e., sediment thickness plus graben wall height) in both grabens
exceeds earlier estimates (e.g., Cartwright et al., 1995) by a factor of up to 1.5 (e.g., ≥ 145 m instead
of ≤ 105 m for the master fault in Devil’s Lane). In the following we distinguish between the terms
graben-bounding fault, which is the actual fault plane and fault position forming the graben, and
graben wall, which is the exposed rock on either side of the graben. The latter is almost invariably
an original joint surface, in many cases affected by weathering.
In the northern section, the upper 100 m of outcropping hard rock are cut by two characteristic
regular joint sets (e.g., McGill and Stromquist, 1979). One joint set strikes NNE, the second one
SE. Both joint sets change their orientation slightly towards the south: the NNE set following the
change of the graben orientation, while the second joint set stays roughly normal to the first one
and to the faults with a deviation of up to 30°in the vicinity of eastern Chesler Canyon. According
to McGill and Stromquist (1979) these joint sets are older than the grabens. Their considerations
are based on the variety of different angles between joint strike and graben wall orientation, which
are consistent neither with shear nor an extensional origin of jointing. Additionally, the observation
of joints with regular spacing at exposed graben floors (e.g., northern Devil’s Lane) imply that they
are older than the graben faults. Although joints can form at a high angle to normal faults due to
the faulting (Balsamo et al., 2008; Destro, 1995; Kattenhorn et al., 2000), this does not apply to the
grabens of Canyonlands National Park. Joints can be followed through the grabens over very long
distances and crossing several faults that developed at different times. A formation of the joints
due to faulting would cause the joints to develop differently at different faults, which is not the
case here. Several authors claim that the faults were strongly influenced by the preexisting joints
(Cartwright and Mansfield, 1998; McGill et al., 2000; McGill and Stromquist, 1979; Trudgill, 2002).
The effect of joints on the geometry of fault tips has been described by Cartwright and Mansfield
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(1998), but an extensive analysis of the fault–joint relationship considering faults and joints in the
entire grabens area and the related structures has not been done so far.
4.3. Data sources and methodology
Detailed mapping of faults and joints as well as a remote-sensing analysis of topography and
structures was carried out as a basis for geophysical data collection and field mapping. We used
high-resolution airborne orthoimagery (25 cm per pixel; Utah Automated Geographic Reference
Center, 2009) for the northern section and aerial images with 1 m resolution (National Agriculture
Imagery Program, 2009) for the southern parts. This imagery is also used in the figures of this
paper. Maps throughout this paper, including the supplementary map, were created using ArcGIS®
software by Esri. (ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein
under license. Copyright© Esri. All rights reserved.)
In addition to remote sensing and classical field mapping with GPS, compass, high-resolution
photographs and a laser range finder, we used a ground-penetrating radar (GPR) system by GSSI
(Salem, USA) to image subsurface features. The survey equipment consisted of the SIR 3000 field
computer with GPS tracker, 100 and 400 MHz antennas, and a survey wheel.
We aimed at reaching penetration depths up to 10 m or more with the lower-frequency antenna.
Data with a surface-near resolution better than 0.1 m are routinely gathered by the 400 MHz
system. Data processing was performed with the ReflexW software package (Sandmeier K. H.,
2011) and included static corrections, background removal, gain adjustments and frequency filtering.
Topographic correction (Neal, 2004) was applied to those profiles with significant topographic
variations only.
Wave travel times were converted into depths based on literature velocity values and hyperbola
analyses where possible. Values between 0.1 and 0.15 mns−1 were expected for the relatively dry
sandy soils present in Canyonlands National Park (Heteren et al., 1998; Smith and Jol, 1995).
Diffraction hyperbolae that were caused by single blocks in several profiles revealed velocities of
0.125 ± 0.005 m ns−1. This value was used for the time–depth conversion in the profiles.
Vertical resolution of the data depends on the wave velocity as well. Maximum achievable vertical
resolution is a quarter of the wavelength (wavelength equals wave velocity divided by frequency:
λ = v/f ; Neal 2004) and thus approximately 0.08 m for the 400 MHz antenna in our study.
A total of 66 GPR profiles were collected with a cumulative length of more than 7 km, distributed
over Devil’s Pocket, Devil’s Lane and Cyclone Canyon. The different antenna types were used to
achieve either higher penetration depth or better resolution. Profiles normal to fault strike were
investigated with both antennas as we expect them to show more structures than strike-parallel
profiles. For minimum invasion on the sensitive biological soil crust (Rosentreter et al., 2007) we
restricted our surveys to existing tracks and trails in agreement with the National Park Service.
4.4. Remote sensing
Modern airborne orthorectified photos with very high resolution (up to 25 cm per pixel) allow a
detailed remote mapping of joints and faults in the Needles fault zone. To analyze orientations
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of the joint generations and the fault system, we mapped more than 20,000 joints and 800 faults.
Figure 4.4 shows all faults, divided into four sections with similar orientations.
For each of the sections we plotted rose diagrams of fault and joint orientations, and for each
section an airborne photograph is given with interpreted faults (white lines) and joints (red lines)
as an illustration of our interpretations. Within each section the orientations are quite constant and
one joint set is always parallel to the main faults. A detailed map showing joints and faults overlain
on aerial photographs is included in the Supplement of this paper (Sect. 4.A).
4.5. Field observations
We focused on Devil’s Pocket, Devil’s Lane and Cyclone Canyon sites because in these grabens the
walls are less weathered and jointing is most distinct, but we also included an excursion to Cross
Canyon in the south and Lens Canyon in the west. Besides the GPR data that are described later,
we also collected basic geometric information of these grabens using a laser range finder and visual
observations. Three major findings are of importance:
1. Along the four-wheel-drive track leading from Devil’s Lane southwards along the Bobby Jo
Camp to Bobby’s Hole we observed a number of localized depressions at graben boundaries
and faults, interpreted as sinkholes in agreement with work by Biggar and Adams (1987). The
sinkholes can span from a few meters to tens of meters in length and several meters in depth.
Numerous sinkholes observed in airborne imagery are not located at graben boundaries but
coincide with faults within or across grabens. Figure 4.5a shows an example of an airborne
image of such a sinkhole located at the eastern graben wall in a graben east of Cow Canyon
(see arrow “1” in Fig. 4.3). A channel-like structure protruding towards the graben wall
indicates sediment transport towards the depression at the graben wall. The corresponding
field photograph (Fig. 4.5b) shows the geometry and extent of this sinkhole. Apparently,
water as well as transported sediment disappears underground at these locations. Due to their
depth of several meters they often act as a trap for the abundant tumbleweed. It is unclear,
however, whether there is an interconnected system of open fractures that allows a transport
of sediments over larger distances, or whether the opening rate of these fissures is larger than
sediment input, such that they do not fill up. Figure 4.5c shows a sinkhole that is not located
at a graben boundary but at a graben-crossing fault (for location see arrow “2” in Fig. 4.3).
The corresponding field photograph (d) shows the dimension of the sinkhole and the void
where rainwater and sediments are transported underground. According to national park staff,
this sinkhole opened up in 2011 during heavy rainfall, which washed away the sediment cover.
2. At three locations we were able to exactly measure heave and throw of offset blocks that
remained visible within the grabens. While throw can be determined precisely by horizontal
marker beds, heave is affected by an unknown amount of erosion, and thus measured values are
considered overestimates. One measurement was done in northern Devil’s Pocket (Fig. 4.6a).
The throw at the western graben wall could be measured quite precisely (38.7 m) using the
laser range finder. The heave is estimated to be ∼20 m, but rockfall from the graben wall
has likely affected the heave here. In Devil’s Pocket south of Devil’s Kitchen a huge offset
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Figure 4.4.: Fault and joint orientations in the Needles fault zone derived from airborne image mapping.
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Figure 4.5.: (a) Aerial photograph showing the location and surface depression of a large sinkhole (cf. arrow
“1” in Fig. 4.3). (b) Field photograph showing the same sinkhole (person in the ellipse for scale). Material
is lost into a cavity or an interconnected system of open fractures allowing an outflow of sediments in the
subsurface. (c) Airborne photograph showing location of another sinkhole not located at a graben wall (cf.
arrow “2” in Fig. 4.3) but at a graben-crossing fault. (d) Corresponding field photograph illustrating open
gap at fault.
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block is located within the graben (Fig. 4.6b), and marker horizons allowed measuring a throw
of 31 m and a have of 8 m. Again the heave is affected by erosion and is therefore slightly
overestimated. A second block further west is relatively higher than the previous, implying a
second fault in between. A third outcrop is located right at the previously described sinkhole
east of Cow Canyon (cross in Fig. 4.3) and depicted in Figure 4.6c. The throw is 2.4 m and
the heave 7.8 m. Note that the heave is more than 2 times larger than the throw, indicating a
very shallow dipping fault.
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Figure 4.6.: Three locations where heave and throw were measured and fault dips at depth were estimated.
(a) Northern Devil’s Pocket. (b) Southern Devil’s Pocket. (c) Unnamed graben east of Cow Canyon.
Individual heave and throw values are given in images. Dashed lines indicate estimated position of faults.
3. To test hypotheses on dilatant faulting, we looked for slickensides or tool marks at non-
weathered fault/joint surfaces. Moore and Schultz (1999) described slickenlines at calcite-
coated joint surfaces, but we did not find any examples of that. Calcite coatings on joint
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surfaces that subsequently accumulate displacement due to underlying faulting are formed by
rainwater flow over the surfaces in streams, thus producing irregular trails of calcite. Further
it is possible to form tool marks on soft calcite coatings by reworking of rockfall debris even in
extensional faulting regimes. The majority of our observations point to extensional fracturing,
without frictional sliding (Fig. 4.7).
a b
c
Figure 4.7.: Widely unweathered surfaces of joints that accommodated offset due to underlying faulting
show no slickenlines or tool marks at (a) northern Devil’s Pocket, (b) southern end of Devil’s Pocket and (c)
Devil’s Lane relay.
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4.6. GPR observations
A number of profiles selected for their descriptive value are shown and interpreted in the following
paragraphs. Especially the profiles crossing from a graben to a horst, thus being crosscuts of a
graben-bounding fault, show the most interesting results. The given examples illustrate sediments
dipping towards the graben wall, sediments dipping towards the graben center, changing deposition
rates within a graben and graben-internal faulting. Dip angles of the faults cannot be determined
exactly since depth migration of the GPR data was not possible due to amplification of artifacts
during migration. The location of all described profiles is illustrated in Figure 4.3a with numbers
according to the subheadings.
4.6.1. Devil’s Lane WE profile
The profiles were acquired with both the 400 and 100 MHz antenna and stitched from two segments
each (see white suture lines). They cross Devil’s Lane from the western graben wall over 135 m to
ESE as illustrated in Figure 4.8. Radargrams and interpretations are depicted in Figure 4.9 and
Figure 4.10 for the 400 MHz profile and the 100 MHz profile, respectively.
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Figure 4.8.: Aerial photograph of the WNW–ESE (red line) profiles crossing through Devil’s Lane. (a)
Interpreted faults are indicated by white dashed lines.
Both antennas image sediments dipping towards the graben-bounding fault in the form of growth
strata over a length of 30–40 m, but they differ in the depth at which they can be observed. Whereas
layers may be interpreted to become horizontal at a depth of around 2.5 m in the 400 MHz profile,
the 100 MHz antenna shows dipping structures down to 5 m depth. The discrepancy is assumed to
be the result of different resolutions. In the airborne imagery (a) this area coincides with darker
colors, indicating more humidity and a slight surface depression, which is also observable in the
field.
More localized areas of dipping strata are observed in three other positions. Dips from the west
towards the 60 m mark can be observed in the 400 MHz profile as well as dips from the east towards
the 60 m mark, at depths of up to approximately 1.5 m. These are not visible in the 100 MHz
profile, although here some dipping occurs from 60 m westwards at depths between 2 and 5 m.
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Figure 4.9.: Radargram (a) and interpretation (b) of the WNW–ESE (red line) profile crossing through
Devil’s Lane of the 400MHz antenna. Blue lines show interpreted reflectors; dashed lines represent interpreted
faults. A number of faults appear in the profile, some of which do not reach the surface.
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Figure 4.10.: Radargram (a) and interpretation (b) of the WNW–ESE (red line) profile crossing through
Devil’s Lane of the 100MHz antenna. Blue lines show interpreted reflectors; dashed lines represent interpreted
faults. In general the profile is similar to the 400MHz profile. The locations of major faults coincide.
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Some west-dipping layers in the upper meter are found in the 400 MHz profile between 85 and 90 m
but not at all using 100 MHz. Finally, some east-dipping strata occur east of 115 m (400 MHz)
down to 1 m and east of 125 m (100 MHz) between 2 and 3.5 m depth. In general, both antennas
show very similar features at the same positions, although they differ in the depths at which the
observations can be made.
In addition to dipping sediments we interpret a number of faults in these profiles (Fig. 4.9b and
Fig. 4.10b) which cannot be seen at the surface. These faults mostly correlate between both profiles,
although some smaller faults seen in the 400 MHz profile could not be resolved in the 100 MHz
profile. The average spacing between the faults is about 10 to 15 m. Many faults reach up close to
the surface, but there are also some that show no more offset at depths of several meters.
4.6.2. Northern Cyclone Canyon WE profile
This 100 MHz profile in northern Cyclone Canyon starts at the western graben wall and follows the
trail to the SE (see Fig. 4.11a). It shows a sediment package of about 10 m thickness dipping from
the surface down to 10–20 m depth over a length of 100 m along the profile. This dip is only an
apparent dip, as the actual structure is unknown (e.g., alluvial fan). The overlying horizontal layers
gain thickness along the profile and finally reach down to 10 m.
In this profile there are also faults to be found as illustrated by dashed lines and named in
Figure 4.12b. We interpret three major faults and four associated minor faults. Fault 1 is clearly
visible due to terminating reflectors and a change in reflector intensity at the 16 m mark. This fault
is interpreted to be the graben-bounding fault of the northern graben segment. Faults 2 and 3 are
located more distal from the graben wall and both show small associated faults to their west. Again,
terminating reflectors and changes in reflector intensity indicate the existence of these faults. The
strike direction of faults 2 and 3 is uncertain, but we assume them to be parallel to fault 1, following
the general regional trend of fault strikes. The three major faults are indicated as interpreted with
white dashed lines in the airborne image (Fig. 4.11a).
4.6.3. Central Cyclone Canyon WE profile
Evidence for changes in either deposition or deformation rate were found in a profile in central
Cyclone Canyon, starting at the western graben wall and then changing to a NNE direction as
illustrated in Figure 4.11b. This 85 m long profile was shot using the 400 MHz antenna to achieve a
high resolution in the upper 4 m of sediments. Figure 4.13a shows the profile without interpretation,
and Figure 4.13b indicates the prominent sedimentary features as we interpret them. Three distinct
horizontal beds can be seen here – the first one being within the upper 0.2–0.4 m, the second one at
a depth of about 2.2 m and the third one at about 3.4 m depth.
The distance between the two deeper horizons is about 1.2 m, and they are separated by material
producing diffuse and wavy reflectors. The vertical distance between the two upper horizons is
about 2 m, and the sediments in between show several cycles of foreset beds and onlaps, typical in
deltaic sequences. Apparent dips along the profile are to the E/NNE, although the last 25 m of the
profile also reveal layers with different dips, onlapping on the NNE-dipping sediments. No clear
sign of faulting was observed here.
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Figure 4.11.: Photo plate showing the traces of GPR profiles in (a) northern Cyclone Canyon, (b) central
Cyclone Canyon and (c) Devil’s Kitchen.
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Figure 4.12.: NW–SE profile in northern Cyclone Canyon. (a) 100MHz profile without interpretation. (b)
Profile with interpretation (blue lines: interpreted layers; dashed lines: interpreted faults). Faults 1–3 are
also shown in Figure 4.11a.
75
4. Evolution of a highly dilatant fault zone in the grabens of Canyonlands National Park, USA
D
IS
TA
N
C
E 
[M
ET
ER
]
10
20
30
40
50
60
70
80
10 20 30 40 50
DEPTH [METER] at v=0,125[m/ns]
0 1 2 3
A
B
10 20 30 40 50
DEPTH [METER] at v=0,125[m/ns]
0 1 2 3
a bTIME [ns] TIME [ns]
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4.6.4. Devil’s Kitchen WE profile
This 400MHz profile was taken along a WNW–ESE path crossing Devil’s Kitchen as shown in
Figure 4.11c. It starts right behind the western graben-bounding fault of the northern section of
Devil’s Pocket graben and then leads to the eastern graben wall, again not crossing the bounding
fault. Both bounding faults are indicated by white dashed lines in Figure 4.11c. Due to the high
resolution, the profile provides useful information only down to 5–6 m. Figure 4.14a depicts the raw
profile after processing, while in Figure 4.14b we present our interpretation. Two major faults are
visible by terminating reflectors and changing reflector intensity. Fault 1 is located at around 40m
and shows at least three fault strands as illustrated by dashed lines in Figure 4.14b. Caused by the
lack of GPR information, the lower extent of the fault cannot be determined. Nevertheless, all fault
strands appear to have their upper fault tip at a depth of about 0.5 m. Fault 2 (at 115 m) is less
sharply defined and characterized by reflectors dipping diffusely towards the interpreted slip plane.
Its upper termination is again assumed to be at a depth of 0.5 m. The assumed fault traces for
both faults are also marked in the airborne photograph (Fig. 4.11c) by black dashed lines.
Sedimentary structures vary strongly throughout the profile. The westernmost section has
sediments dipping towards fault 1 at a depth of 0.5–2 m, while in the uppermost 0.5 m west-dipping
layers overlie the faulted segment. These west-dipping layers extend to a depth of about 3 m on the
eastern side of fault 1 and show lateral extents from 0.2 to 0.3 m. Layers in the upper 0.3–0.4 m
of the entire profile are horizontal. Sediments at fault 2 dip towards it from both sides but in a
rather small lateral extent of about 5–10 m each. At the easternmost section of the profile, layers
dip to the west at depths of 1–2.5 m and a lateral extent of roughly 25 m. Parts not affected by the
described dipping layers are characterized by horizontal reflectors through the entire sediment layer
down to 5 m.
4.7. Interpretation and discussion
Combined with the field and remote-sensing data (observations, mapping, airborne imagery and
digital elevation models), the information derived from the GPR profiles supports and enhances the
knowledge of how the grabens form and which processes are involved.
4.7.1. Evidence for dilatant faulting
The key evidence for dilatant faulting is the occurrence of sinkholes that we observed along graben-
bounding faults in the more eastern grabens (cf. Fig. 4.3). Tensile opening gaps allow water
and sediments to be transported underground (Fig. 4.5). Analysis of airborne imagery showed
several sinkholes located within grabens at locations where a fault is crossing. These sinkholes are
comparable to pit craters described by Ferrill et al. (2004, 2011).
Also, during our fieldwork we never observed slickensides at surfaces of unweathered joints that
accommodate offset and extension due to reactivation by underlying normal faults. Slickenlines
should be abundant at discrete slip surfaces in an area with as many faults as the Needles fault
zone. The absence of such striations indicates dilatant faulting by reactivation of the preexisting
vertical joints.
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Figure 4.14.: Devil’s Kitchen WNW–ESE profile. (a) 400MHz profile without interpretation. (b) Profile
with interpretation (blue lines: interpreted layers; dashed line: interpreted faults). Faults 1 and 2 are also
outlined in Fig. 11c.
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Layers distinctly dipping towards the graben wall, partly in the form of growth strata, require a
depression into which they can dip. The GPR profile from Devil’s Lane (Fig. 4.9) shows an example
of this. At both ends of the profile, layers dip towards the respective graben wall with growth strata
at the western graben wall. The profile from Devil’s Pocket (Fig. 4.14) partially shows this situation.
Layers to the east of fault 1 dip towards the western graben wall, and at fault 2 dip occurs from
east and west.
4.7.2. Fault shape
The combination of opening of preexisting joints during faulting and the considerable vertical
displacement in the grabens requires the presence of non-vertical faults at depth. The measurements
of heave and throw in Devil’s Pocket, Devil’s Lane and the graben east of Cow Canyon provide direct
evidence of fault dip at depth according to geometric considerations illustrated in Figure 4.15a. The
fault dip α is defined as α = arctan(throw/heave). Joint surfaces that were once connected are
now separated by several meters horizontally while also showing distinct vertical offset. Estimates of
this are highly variable and show required fault dips of 60–80°at depth in Devil’s Pocket to produce
the observed offsets, whereas in other cases very shallow dipping extensional faults are assumed.
Disregarding the erosional effect on the heave, in the graben east of Cow Canyon a fault dip of less
than 20°is calculated. This can be explained by a secondary low-angle slip on a lubricating layer due
to removing the confinement in the initial tensile deformation (see Fig. 4.15b). However, erosion at
the fracture surfaces may lead to overestimation of the heave and result in underestimation of fault
dips. For a detailed correction of erosion the exact timing of fracture opening and erosion rates over
time would be needed, which is beyond the scope of this work. An underestimation of fault dips
does not have an effect on the proposed model.
heave
throw
α
weak 
lubricating 
layer
a b
Figure 4.15: (a) Geometric relation
between heave, throw and fault dip. (b)
Lubricating layer can cause large blocks
to break down.
Other authors have found field evidence for such a vertical change of the fault dips in the grabens
of the Canyonlands by investigating crosscut grabens along Y Canyon, Cross Canyon and Lower Red
Lake Canyon. Based on observations in these crosscuts McGill and Stromquist (1979) proposed that
faults are vertical over about 100 m followed by dips of about 75°down to the evaporite interface.
This observation was confirmed by Moore and Schultz (1999) by investigations in the same area.
A similar fault geometry is reproduced in the experiments of Holland et al. (2006) and van Gent
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et al. (2010). They used hemihydrate powder to investigate the evolution of normal faults in brittle
materials and observed a tensile fracturing in the upper fault sections, a mixed-mode fracture in
the middle and a shallow dipping shear movement in the lowest part of the fault zone. Hence,
the surface expression of these faults is a vertical cliff with an open void at the graben-bounding
fault and some vertical offset. Kettermann and Urai (2015) studied the lateral geometry of brittle
faults in analogue models using hemihydrate powder. They described a rough and patchy geometry
with relays and large blocks rotating into the fault as a result of linkage of fault segments. Similar
features are described in basalts of Hawaii by Holland et al. (2006).
This ‘pull-apart’ model in mechanically layered stratigraphy causing opening in the more competent
layers is well known from outcrops (e.g., Crider and Peacock, 2004; Ferrill et al., 2014; Ferrill
and Morris, 2003; Peacock, 2002; Peacock and Sanderson, 1992) and shown in DEMs as well (e.g.,
Abe et al., 2011; Schöpfer et al., 2007a,b,c). We suggest that in the Canyonlands this effect is
additionally controlled by the abundant vertical joint sets that are defining the present-day graben
walls.
Analogue modeling of the interaction of preexisting joints and normal faults in brittle rocks was
performed by Kettermann (2012). The basic deformation box, setup and scaling relations were the
same as in the work of Holland et al. (2011). Additionally, joints were introduced to the system
by hanging sheets of paper into the box during filling and carefully removing them before the
deformation. As the hemihydrate is cohesive, open joints are formed and can then affect the faulting.
The maximum depth of the joints as well as the joint spacing was chosen to represent the situation
in the Canyonlands. In a series of experiments the angle between joint strike and fault strike was
varied in a range observed in the field. Figure 4.16 shows a top view of an experiment with an
8°angle between joint strike and basement-fault strike. Observed structures are very comparable
to the Canyonlands in that open fractures form close to the surface and original joint surfaces are
preserved.
Figure 4.16: Top view im-
age showing an analogue
experiment of Kettermann
(2012) with 8°fault–joint an-
gle after deformation. Main
fault localized at preexisting
joints exclusively; open gaps
formed where the shallower
dipping fault cuts the vertical
joints. Original joint surfaces
are preserved.
8°
A fault–joint relationship was similarly observed in volcanic structures in Iceland (Angelier et al.,
1997; Gudmundsson and Bäckström, 1991). Although several times larger than the Canyonlands
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grabens, the Sveinagja graben in basalts of northeast Iceland (Gudmundsson and Bäckström, 1991)
resembles a similar situation. A 34 km long graben structure shows large open gaps along the
bounding faults. Heave and throw values indicate comparable fault dips of about 60°at depth,
while close to the surface the faults localize along preexisting cooling joints in columnar basalts.
Angelier et al. (1997) studied the Krafla fissure swarm in northeastern Iceland, which also consists
of extensional fractures and faults in middle-ocean ridge basalts. They concluded average fault
dips at a depth of about 70°and a vertical upper section, controlled by cooling joints, thus being
comparable to the Canyonlands situation.
It is, however, possible that joints subparallel to a basement fault form as initial stage of
deformation (e.g., Balsamo et al., 2008; Destro, 1995; Kattenhorn et al., 2000). Later the main
faults from underneath can localize along these early formed joints and accommodate offset as
observed by Grant and Kattenhorn (2004). These joint-related faults can look quite similar to the
faults described in this paper; however the joints are always slightly inclined towards the faults.
In general, as both faults with and without preexisting vertical joints can form vertical extension
fractures at low overburden stresses, the main difference is the lateral geometry. Without preexisting
joints the heterogeneity of the rocks defines the position of individual fault segments in an early
stage that link (hard link or soft link) with increasing displacement and finally form typical faults
with relays and fault blocks. With preexisting joints the fault geometry is widely controlled by the
joint pattern, as is the case in parts of Iceland or the Canyonlands. Figure 4.17 illustrates the effects
of different prerequisites of a faulted region.
after e.g. Gudmundsson (1992) this study
redrawn after Grant & Katten-
horn (2004)
after van Gent et al. (2010), Holland 
(2010), Kettermann et al. (2015)
No jointing Oblique-fault 
induced jointing
Cooling joints Pre-existing joints
a b
c d
Figure 4.17: Conceptual models illustrating dif-
ferent fault shapes according to the influence of
preexisting joints. With no preexisting joints
(a) faults show an irregular lateral fault shape
resulting from fault segments growing together
(after Kettermann and Urai, 2015; van Gent et al.,
2010). (b) Joints forming due to oblique faulting
are slightly inclined to the fault and limited in
length. However, the fault shape can be very
similar to the shown examples formed by preex-
isting joints (after Grant and Kattenhorn, 2004).
(c) Fault localization at preexisting cooling joints
in columnar basalts resemble the same process;
however the fault shape is affected differently by
the different joint pattern (after Gudmundsson,
1992). (d) A regular preexisting joint pattern as
shown in this study strongly controls the fault
shape but can look similar to case (b).
4.7.3. Fault zone complexity
Fault zones are usually complex in geometry and strain partitioning (Childs et al., 1996a,b; Mansfield
and Cartwright, 2001; McClay, 1990; Peacock, 2001, 2002; Soliva et al., 2008; Walsh et al., 1999;
Walsh and Schultz-Ela, 2003; Wilkins and Gross, 2002). For the Canyonlands grabens, Baker (1933)
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first described a graben-internal deformation by a number of graben-parallel faults in the downthrown
blocks where they were exposed, although he did not define the location of his observations precisely.
Walsh and Schultz-Ela (2003) showed field evidence from a cross section in Y Canyon, indicating at
least one graben-internal fault and successfully compared this observation with numerical models.
They also note incremental multiple faulting from aerial photographs.
This graben-internal faulting is consistent with our observations from Cross Canyon as illustrated
in Figure 4.18. The black lines depict the location of the main graben-bounding faults of this graben
(for location see cross in Fig. 4.3), and the white lines show two conjugate faults affecting the graben
floor. A number of GPR profiles in all three investigated grabens – i.e., Devil’s Pocket (Fig. 4.14),
Devil’s Lane (Fig. 4.8) and Cyclone Canyon (Fig. 4.13) – reveal faulting in the grabens that is
not visible at the surface. The faults in Devil’s Pocket and northern Cyclone Canyon additionally
show more than one fault strand. Our observations show that even flat and apparently undisturbed
graben floors can contain complex fault systems. As these are not visible at the surface, the
faults are presumably not active any more. The amount of graben-internal faults might be slightly
overestimated by GPR profiles since these faults propagate upwards from the brittle basement
through several tens of meters of sediments in which the faults refract and form branches. The
GPR profile in Devil’s Lane for example shows several faults that do not reach to greater depth as
well as some blind faults that are restricted in depth.
W
~25 m
Figure 4.18.: Graben in Cross Canyon. Black lines show main graben-bounding faults. White lines show
two conjugate faults cutting through the graben floor. Dashed line illustrates marker horizon. Example for
intra-graben faulting.
Combining all the information presented, we propose a model for the formation of a typical
Canyonlands graben as shown in Figure 4.19. Faults dip at 60–80°and intersect the vertical joints.
Hence, the outcropping graben walls are mostly joint surfaces rather than fault planes. Inclined
faults reactivate the vertical joints at surface, and this change in fault dip forms large open voids at
the graben walls, which are then filled with rockfall debris and sediments. Additional graben-internal
faulting causes a complex hard rock topography and requires reactive diapirism of the salt as also
suggested by Schultz-Ela and Walsh (2002) and Walsh and Schultz-Ela (2003). As sinkholes are
preferably found in the presumably younger grabens in the east and southeast and ponded deposits
are observed in the presumably older western grabens (Cyclone Canyon), this might also be a
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criterion of graben maturity. Similar models were proposed by Schultz-Ela and Walsh (2002) and
Walsh and Schultz-Ela (2003) based on numerical modeling, albeit disregarding the vertical joint
sets. We show the importance of the joints in the evolution of the fault system and extend their
models by providing direct field evidence for all features, including the strong effect of the vertical
joints from GPR profiles, field observation and remote sensing.
Red Cedar Mesa Sandstone (Permian)
White Cedar Mesa Sandstone (Permian)
lower Cutler bed & Honaker Trail Fm 
(Permian & Pennsylvanian)
Halite, Gypsum & Anhydrite (Pennsylvanian)
Alluvial sediment ll (Quaternary)
Rock fall debris
pre-faulting joints pre-faulting topography
Figure 4.19.: Schematic model of a typical Canyonlands graben from the northern section. Joints of the
Cedar Mesa sandstones are reactivated by faulting. Shallower fault dips at depth cause open gaps at surface
and secondary faulting within the grabens. Rockfall debris and alluvial sediments fill up open gaps and
graben floors.
4.7.4. Graben age vs. deposition rates
The GPR profile of central Cyclone Canyon revealed detailed sedimentary structures to a depth of
about 4 m (Fig. 4.13). We noticed three distinct horizons of horizontal reflectors and in between
delta-like sequences of foreset beds and onlaps. The interpretation of lacustrine delta sediments
is supported by typical layering of the dipping sediments, visible by changing reflector intensities,
which implies sedimentation in water due to sudden events such as flash-floods. The geological map
of (Billingsley et al., 2002) shows that ponded deposits are common in Cyclone Canyon, and the
authors state that these ponds were capable of sustaining water for several months to years. The
thickness of the ponded deposits of up to 2 m fits well to the observed thickness in the radar profiles.
Especially the three horizontal layers that we interpret as paleosols fit very well to a graben fill
east of Virginia Park, described and dated by Reheis et al. (2005). The location is marked with a
black star in Figure 4.3b. Thanks to the incision of a stream, they were able to visually study a
soil profile down to 6 m depth and apply optically stimulated luminescence (OSL) dating. They
described three paleosols: one close to the surface, one at 2 m depth and a third one at about 3 m
depth. Dating right above the second paleosol results in an age of about 15–16 ka, and sediments
above the third paleosol were dated to 27–28 ka. Figure 4.20 shows the GPR profile of the central
Cyclone Canyon with the stratigraphic column and OSL ages of Reheis et al. (2005) as an overlay.
The depths of all paleosols match, with deviation of only a few centimeters.
Based on the proposed age of the grabens (Biggar and Adams, 1987; Schultz and Moore, 1996;
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Figure 4.20.: 400MHz profile of central Cyclone Canyon with overlay of the profile and OSL ages of Reheis
et al. (2005). Three horizontal layers in the GPR profile fit well to paleosols from outcrop profile with an
error of less than 0.5 m.
Trudgill, 2002), the sediment thickness in Cyclone Canyon (Grosfils et al., 2003) and the known age
of these paleosols (Reheis et al., 2005), we propose three possible scenarios of graben formation and
sedimentation:
1. The horizons in GPR and outcrop are not the same. Still we would interpret the observed
horizons as paleosols. Assuming a faster deposition rate in Cyclone Canyon due to its preferred
role as a sediment trap would then suggest long-range climatic changes within the recorded 4
m of the profile and distinct differences in deposition over short distances.
2. The horizons in GPR and outcrop are the same. An explanation for the small discrepancy
in the depth of the paleosols would be a faster sedimentation between the first and second
paleosol. This is likely since Cyclone Canyon is a quite deep graben compared to the one
east of Virginia Park and thus a better sediment trap. The delta-like foreset beds observed
between the upper two paleosols indicate a high deposition rate in the presence of water, i.e.,
extensive flash floods as they occur from time to time, depositing in ponds. Additionally,
slight differences in depth can result from imperfect time–depth conversion. Applying the
OSL ages from Reheis et al. (2005) to the depths in Cyclone Canyon allows an estimation
of sedimentation rates. The first OSL age of roughly 16 ka at a depth of 2.2 m leads to a
sedimentation rate of 0.14 mma−1 for this section. The distance between the second and
third paleosol is approximately the same as in the Virginia Park graben – 1 m – and the
age of about 28 ka leads to a sedimentation rate of 0.08 mma−1. Seismic refraction data
(Abrahamson, 2005) suggest a sediment thickness of about 50 m at this location. Following
the suggested ages of graben initiation of 65–85 ka (Campbell, 1987; Schultz and Moore, 1996),
the deposition rates below the third paleosol must have been 1 order of magnitude higher.
These would still be reasonable deposition rates but would suggest a drastic change in the
deposition system at one point.
3. In the third case the paleosols are the same, a sediment package of 50 m is given and we assume
that the rate of deposition has not changed dramatically in the past. That would point towards
an earlier initiation of graben formation than previously estimated by termoluminescence
dating of sediments found in sinkholes (Campbell, 1987), although their results may not apply
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for all grabens. Using a deposition rate of 0.15 mma−1 as an average for the remaining 47
m beneath our profile results in an age of about 300 ka. This is supported by comparing
recent deformation rates with estimates of total strain in the Needles fault zone. Westwards
movements of 3–9 mma−1 were proposed from InSAR data by Furuya et al. (2007). These fit
to the GPS data of Marsic (2003), who reported 5 mma−1. According to Moore and Schultz
(1999) a total extension of 1.29 km took place on the northern section of the grabens. Assuming
an average extension of 5 mma−1 would require an age of graben initiation of about 260 ka,
which would fit well to the observed sediment thickness and deposition rates. (Schultz-Ela and
Walsh, 2002) used geomechanical numerical modeling to reproduce the grabens and proposed
an age of 135 ka for their models, which is younger than suggested here but still older than
the previous estimates. (Grosfils et al., 2003) in contrast calculated a smaller extension of
about 2% in Devil’s Lane and transferred this value to the other grabens, resulting in a total
extension of about 100 m and an age fitting to the earlier estimates.
To resolve the remaining problems, more data are needed from different grabens and locations.
Especially case (1) can only be validated or rejected by drilling in Cyclone Canyon and actually
comparing and dating the sediments directly. However, it seems legitimate to assume an intermediate
situation of cases (2) and (3). Some authors (Schultz-Ela and Walsh, 2002; Trudgill and Cartwright,
1994) propose graben initiation at 500 ka or more, following the timing of the Colorado River
incision. Higher deposition rates are also possible. A mixture of both would be a good explanation
for the intermediate age of 260–300 ka proposed in our model.
4.8. Conclusions
Having applied ground-penetrating radar surveys combined with field observations in the Needles
fault zone of Canyonlands National Park, Utah, USA, we draw the following conclusions:
1. Our GPR profiles revealed faults in the subsurface that were overprinted and not visible at
the surface. We can therefore conclude that the fault zone of the Canyonlands grabens is more
complex than obvious. Since this area is an analogue for reservoirs, knowledge of the fault
zone complexity can be used to enhance seismic interpretation and fault zone permeability
estimates.
2. Dilatant faulting is evident in many places, even if the surface expression is overprinted by
sedimentation. Measurements of heave and throw at some faults additionally provide evidence
for vertical fractures at the surface in combination with joint reactivation and inclined faults
at depth.
3. We propose a model of graben formation based on our observations, including fault localization
at tips of vertical joints, shallow fault dips at depth, graben-internal faulting and reactive
diapirism.
4. Paleosols in the subsurface of Cyclone Canyon correlate with the climate reconstruction of
Reheis et al. (2005). Comparing these paleosols, their ages and the underlying sediment
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thicknesses imply either a graben age older than expected from previous dating or higher
sedimentation rates in Cyclone Canyon.
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5. Dilatant normal faulting in jointed cohesive
rocks: a physical model study
This chapter was published as a peer-reviewed article:
Kettermann, M., von Hagke, C., van Gent, H. W., Grützner, C., and Urai, J. L.: Dilatant normal
faulting in jointed cohesive rocks: a physical model study, Solid Earth, 7, 843-856, doi:10.5194/se-7-
843-2016, 2016. http://www.solid-earth.net/7/843/2016/se-7-843-2016.html
The modeling methodology was developed and experiments performed during my MSc thesis
’The effect of preexisting joints on normal fault evolution - insights from field work and analogue
modeling’. However, the analyses, discussion and results presented in this chapter are entirely new
original work, done during my time as a PhD student.
Abstract
Dilatant faults often form in rocks containing pre-existing joints, but the effects of joints on
fault segment linkage and fracture connectivity are not well understood. We present an analogue
modeling study using cohesive powder with pre-formed joint sets in the upper layer, varying the
angle between joints and a rigid basement fault. We analyze interpreted map-view photographs at
maximum displacement for damage zone width, number of connected joints, number of secondary
fractures, degree of segmentation and area fraction of massively dilatant fractures. Particle imaging
velocimetry provides insight into the deformation history of the experiments and illustrates the
localization pattern of fault segments. Results show that with increasing angle between joint-set
and basement-fault strike the number of secondary fractures and the number of connected joints
increase, while the area fraction of massively dilatant fractures shows only a minor increase. Models
without pre-existing joints show far lower area fractions of massively dilatant fractures while forming
distinctly more secondary fractures.
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5.1. Introduction
Dilatant faults are ubiquitous features that occur at all scales in the upper crust. Most prominent
large-scale examples can be found not only at mid-ocean ridges (Angelier et al., 1997; Friese, 2008;
Sonnette et al., 2010; Wright, 1998), intra-plate volcanoes (Holland et al., 2006), continental rifts
(Acocella et al., 2003) but also in cemented carbonates and clastics (Ferrill and Morris, 2003; Moore
and Schultz, 1999). They form major pathways for fluid flow, such as water, hydrocarbons or
magma, and consequently are of great interest for water and energy supply, geohazard assessment and
geodynamics (e.g. Belayneh et al., 2006; Caine et al., 1996; Crone and Haller, 1991; Ehrenberg and
Nadeau, 2005; Gudmundsson, 2001; Lonergan, 2007). Several first-order models for the formation of
dilatant fault networks exist (e.g. Abdelmalak et al., 2012; Abe et al., 2011; Acocella et al., 2003;
Grant and Kattenhorn, 2004; Hardy, 2013; Holland et al., 2006, 2011; Kettermann and Urai, 2015;
van Gent et al., 2010; Vitale and Isaia, 2014; Walter and Troll, 2001). However, the influence of
pre-existing cohesionless joints on the formation of faults and fractures is largely untested, although
this may have great influence on the fault’s geometry and evolution (e.g. Butler, 1989; Giambiagi
et al., 2003; McGill and Stromquist, 1979; Schultz and Fossen, 2002; Virgo et al., 2014). This is
also of interest for understanding fluid flow through fault zones for naturally fractured reservoirs
(Galland et al., 2007, 2006; Le Corvec et al., 2013).
In this contribution, we focus on the influence of pre-existing joints on the formation of dilatant
normal fault networks. In particular, we investigate the evolution of dilatant fault networks, which
form at different angles with respect to a pre-existing layer-bound joint network. To this end,
we performed a series of scaled analogue models. Our first step is to quantify how the angle of
pre-existing joints with respect to the active basement fault influences the opening behavior of the
fault system. Quantifying this parameter will enable us to predict the evolution of segmentation
as well as the orientation of secondary faults in the fracture network. In a second step we discuss
our results in framework of natural examples: first, the fault network in the Canyonlands National
Park (CLNP), which showcases an open fracture network influenced by pre-existing joints (Fossen
et al., 2010; Kettermann et al., 2015; Schultz and Fossen, 2002); second, volcanic environments,
in particular mid-ocean ridges as for example exposed in the rift zone in Iceland (Angelier et al.,
1997), and caldera collapse in Campi Flegrei, Italy (Vitale and Isaia, 2014).
5.2. Analogue modeling of dilatant faults in a jointed host rock
For our experiments we used the analogue device designed by Holland et al. (2011), which has
a length, width and depth of 28 × 30 × 19 cm, respectively (Fig. 5.1). This box has a dip-
slip half-graben geometry, with a basement-fault dip of 60°, and maximum displacement is 4.5
cm. Throughout this article we quantify displacement as percentage of sediment layer thickness.
Therefore, the maximum displacement of 4.5 cm at a layer thickness of 19 cm translates to 23.7 %
displacement. Modeling material as well as our experimental setup is based on previous analogue
models of dilatant fault networks (Holland et al., 2006, 2011; van Gent et al., 2010). We used
hemihydrate (CaSO4 × 0.5 H2O) powder because it has a well-known cohesion and tensile strength
and can develop vertical walls. Therefore, it is suitable to implement cohesionless joints into the
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Figure 5.1.: (a) Dimension and principle setup of the deformation apparatus. Black bands symbolize paper
sheets that are used for joint creation. (b) Experiment after sieving in the hemihydrate powder, with the
paper sheets still in place. Paper sheets are removed before deformation begins.
models and produce dilatant faults and open fractures. The properties of the material are well
known van Gent et al. (2010). The powder compacts easily, and increasing sieving height leads to
higher densities in the sandbox. This trend stops at a sieving height of about 30 cm, at which the
powder reaches a constant velocity due to a balance of air friction and gravity (Holland et al., 2011;
van Gent et al., 2010). After sieving from a height > 30 cm, the powder has a density of 732 kgm3
and a porosity of 75 %. Tensile-strength is 9 Pa (method after Schweiger and Zimmermann, 1999)
for the uncompacted powder, increasing proportionally to the pre-compaction stress. The cohesion
derived from shear tests is about 40 Pa. Both tensile strength and cohesion increase with increasing
compaction, i.e., overburden pressure or burial depth in the box.
We scaled our experiments as discussed by van Gent et al. (2010) and applying the laws derived by
Schellart (2000). For example, a model height of 19 cm represents approximately 600 m of sandstone
in nature with a cohesion of 70 MPa. Our model geometry was scaled approximately to the joint
and graben system of CLNP, where ∼ 100 m deep vertical joints cut through present day 400-500
m brittle sediments pre-faulting (McGill and Stromquist, 1979, i.e., 5 cm joints in a 19 cm powder
column). The material properties limit the testing of increasing joint depths. The hemihydrate
powder collapses under its own weight in shear in a depth of about 7 cm (van Gent et al., 2010). It
is hence not possible to test the influence of joints cutting the entire 19 cm hemihydrate column.
However, smaller joint depths may influence fault evolution. A thorough analysis of this effect
would require extensive experimental series, testing different joint depths at different angles. This is
beyond the scope of this study, and we leave analysis of different materials as well as different joint
depths for future work.
As the powder is very sensitive to compaction, it is important to form joints without damage to
the surrounding material. An initial test using a blade led to compaction of particles adjacent to
produced joints (Fig. 5.2a, b)). Minimum disturbances were achieved by mounting thin, low-friction
paper sheets in the box with spacing of 2.5 cm prior to sieving. Removing the paper after filling
the box leaves cohesionless, open (<1 mm aperture) joints without compacting or fracturing the
surrounding material (Fig. 5.2c, d) and furthermore guarantees consistent depths of the joints. In
order to reduce friction between the powder and the side walls, paper sheets are mounted along the
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Figure 5.2.: (a, b) Raw photo and deformation analysis of a joint in a hemihydrate powder pile created by
impressing a blade. The powder is strongly affected. (c, d) Raw photo and deformation analysis of a joint in
a hemihydrate powder pile created by sieving the powder around a sheet of paper and removing it afterwards
(note the different scale bar for displacement). The removing-paper method proves to be the better choice.
moving side walls and removed before starting the experiments. However, in some cases extraction
of these paper sheets caused fractures orthogonal to joint strike at the outer edges of the experiment
(i.e., close to the wall), visible before starting the experiment. These fractures may open during
initial stages of the experiment, but they do not accommodate much strain and do not influence
fault geometry (see below). As these fractures are artifacts and can be followed throughout the
experiments, we did not include them in the quantitative analyzes. The joints penetrate 5 cm
deep into the powder (Fig. 5.1). We performed experiments with systematically increasing angles
between the joints and the basement fault (0, 4, 8, 12, 16, 20 and 25°). The joint-fault angle is in
the following referred to as JF-angle.
In analogue models where no erosion is applied, deformation within the sandbox is reflected at
the surface. A useful tool to measure the surface evolution of analogue models is particle image
velocimetry (PIV) (e.g. Adam et al., 2005; Holland et al., 2006). To enhance contrast, we added
some sand grains to the hemihydrate powder at the top of the experiments. The small amount of
sand ( 1 vol ‰) is assumed to have no influence on the mechanics of the powder column or fault
development. We recorded our experiments with two computer-controlled DSLR cameras (Nikon
D80 and D90 with resolutions of 10 and 12 million pixels, respectively), one in top view and one in
oblique view (Fig. 5.3). We use the top-view photographs for PIV analysis (shot with the Nikon
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D90) to identify areas of the model at which deformation localizes and calculate the displacement
fields. All images are corrected for lens distortion using verified lens distortion profiles that are
included in the Adobe CameraRaw software. Details on the used lenses and focal lengths are given
in Table 5.1. With this analysis, we detect which joints are reactivated at which state of deformation.
The oblique view provides an optic impression of strain distribution on different joints and the 3-D
geometry of the model.
(a)
(b)
16° JF-angle at 
100% displacement
Downthrown block
Master 
fault
2 cm
Hanging wallTop view
Figure 5.3.: (a) Oblique view of the 16° JF-angle showing deformation localized at pre-existing joints and
step-over structures. (b) Top-view photograph of the same experiment shows the typical zigzag shape formed
by step-overs at the master fault.
Table 5.1.: Summary of lens types and focal lengths used for top-view photography.
JF-angle 0° 4° 8° 12° 16° 20° 25°
Lens 18–135mm 18–135mm 18–135mm 12–24mm 12–24mm 12–24mm 12–24mm
f/3.5–5.6 f/3.5–5.6 f/3.5–5.6 f/4.0 f/4.0 f/4.0 f/4.0
Focal 28mm 35mm 28mm 24mm 24mm 24mm 24mm
Length
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We started our series with an experiment without pre-existing joints as a reference (Fig. 5.4a). In
this experiment, the master fault shows a concave shape towards the hanging wall over the width of
the box. This is a reasonably expected result as the fault that develops in our cohesive material is
sub-vertical close to the surface and thus substantially steeper than the predefined 60° fault dip of
the sandbox. Close to the sidewalls of the box friction forces the powder to follow the 60° dip of the
basement fault further towards the footwall. Where uninfluenced by sidewall effects, the fault forms
as dilatant fault with vertical fault scarp close to the model’s surface. The fault surface is rugged
and a small volume of rubble fills the opening gap at the fault (Holland et al., 2006; van Gent
et al., 2010). A dense and interconnected network of secondary fractures parallel to the master
fault forms gradually during fault evolution as a result of fault migration. The fault shape shows no
clear pattern but is rather undulating in map view. An antithetic fault forms as well and shows the
same type of migration and fracture network as the master fault. Overall we note that the observed
fault and fracture pattern in homogeneous material is very different as compared to inhomogeneous
experiments with pre-existing joints, as expected (cf. Fig. 5.4a, b).
(a) (b)No joints Joints at 4° angle
Downthrown block Downthrown block
Figure 5.4.: (a) Top-view photo of an experiment without pre-existing joints. Note the rather rugged shape
of the mater fault and the minor fractures. (b) Top-view photograph of the experiment with a 4° JF-angle.
All deformation localizes at the pre-existing joints.
In the following we describe observations of the structural evolution of experiments with pre-
existing joints including quantitative analyses of key parameters. Figure 5.5 shows top-view images
and the corresponding PIV results (summed up vector fields) for all experiments, which we will
describe in the following. In order to identify and distinguish parts of the model that experience
different amounts of deformation we show the total displacement vectors summing up the entire
deformation until maximum displacement. Movies produced from image series of all experiments
and from respective PIV images (divergence of the displacement field) are freely accessible at
https://doi.pangaea.de/10.1594/PANGAEA.859151.
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Our observations can be subdivided into two categories. First, features which can be observed in
all experiments, and develop after a similar amount of strain applied. Secondly, as opposed to these
consistent features, we observe features that are variable, i.e., change with increasing angle between
basement-fault strike and joint orientation. A consistent feature is the formation of secondary joints
oriented at high angle to the pre-existing joints, initiating during the first 2.4% displacement (% of
layer thickness) and increasing in number during the experiment (best visible in Fig. 5.5g).
(a) 0°
(e) 16° (f ) 20° (g) 25°
(b) 4° (c) 8° (d) 12°
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Figure 5.5.: Map-view photographs of the experiment series at maximum displacement. Red lines mark the
master fault; yellow lines mark the main antithetic fault. White lines illustrate the extent of the basement
fault at the surface. For each experiment we show a respective PIV image illustrating the total deformation
in map view. Color code gives the displacement in pixels. Note that different blocks experienced different
amounts of displacement, while localization is always at pre-existing joints.
Another consistent feature is the formation of conjugate faults (indicated by dashed yellow lines
in all experiments shown in Fig. 5.5). However, they show a wider range of initiation time, starting
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at 3.8% displacement (12° degree JF-angle) up to 11.8% displacement (16° JF-angle). We note
that onset of the formation of conjugates is not related to the JF-angle but varies randomly (cf.
also movies at https://doi.pangaea.de/10.1594/PANGAEA.859151). A third consistent observation
is that fault localization starts in the footwall and propagates stepwise towards the hanging wall,
always localizing at and reactivating pre-existing joints (cf. model in Fig. 5.6).
(a) (b)
(c) (d)Master fault Conjugate 
fault
? ?
Figure 5.6.: Conceptual sketch illustrating the development of a typical joint controlled fault zone in side
view.
All experiments share a curvature of the fault scarp towards the footwall at the boundaries, which
is a boundary effect caused by the design of the deformation box, similar to what has been observed
in the experiment without pre-existing joints (cf. Fig. 5.4a, b). Friction on the sidewalls of the box
between the pre-defined 60° fault and the fault localizing at the 90° dipping vertical joints causes
material to break off (red arrows in Fig. 5.5). This effect is limited to the outermost few centimeters
of the model and is therefore interpreted as an artifact caused by the boundary condition and is not
included in the interpretation.
A variable feature of increasing importance with JF-angle is the localization of faults at pre-
existing joints, i.e., reactivation of joints. In the experiment with 0° JF-angle the fault never cuts
through the material between joints but only jumps from joints in the footwall towards joints in the
hanging wall (Fig. 5.5a). With increasing JF-angle the master faults as well as the conjugates form
step-overs between individual joints with fracture orientations at a high angle to the pre-existing
joints (e.g., Fig. 5.5d). The fault reactivates pre-existing joints and needs to accommodate the
distinct deviation between the basement-fault strike and joint strike. At higher JF-angles, the fault
connects increasingly more pre-existing joints via step-overs (Fig. 5.7a). The main structural and
geometrical features observed at the master fault such as step-overs and distribution of strain over
different fault strands and reactivated joints occur in the same way in the conjugates, although with
less displacement and therefore less prominent (cf. dashed red and yellow lines in all photographs in
Fig. 5.5).
At step-overs the fault does not localize at the base of the joints but forms a wedge shaped
structure (Fig. 5.8). This is because the fault cannot change its position abruptly but forms a hard
link Peacock and Sanderson (1991). Additionally, where the fault cuts through unfractured material,
rubble forms and falls into the opening voids.
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5 cm
(a)
(b) (c)
~ 
25
 m
(d)
Figure 5.7.: (a) Front view of the experiment with 25° JF-angle. (b) View from left side. (c) View from
right side. (d) Comparable structures in Canyonlands National Park. Green areas mark joint surfaces.
8° JF-angle at 
100 % displacement
2 cm
Figure 5.8.: Wedge shape at a fault step-over.
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5.4. Quantitative analysis of the analogue models
An additional feature that occurs in experiments with high JF-angle is reverse faulting within the
graben, striking roughly orthogonal to the basement-fault strike. As the reverse faults form from
bottom to top and do not necessarily propagate to surface, the related surface expression is difficult
to see in photographs. Figure 5.9 provides a compilation of a top-view photograph (25° JF-angle
at 95% displacement; Fig. 5.9a), a PIV analysis displaying the y-component of the displacement
field, which is roughly parallel to the formed reverse faults (Fig. 5.9b), and a PIV image showing
the divergence of the displacement field, which clearly shows locations of compression that indicate
reverse faulting (Fig. 5.9c). To clearly see the formation of the reverse faults, the reader is referred
to the corresponding top-view movie (https://doi.pangaea.de/10.1594/PANGAEA.859151). At the
pre-cut bounding walls the 60° basement-fault angle is enforced on the powder column by friction,
hindering the formation of deep grabens. In the center of the box, however, the fault develops
freely with a steep master fault, which causes the formation of deeper grabens. The resulting
subsidence gradient, with shallow grabens at the sides and deeper grabens in the center of the
experiments, creates a space problem which results in the formation of reverse faults. However, we
observed reverse faults with minor displacements in only two experiments (20 and 25°) and they are
accompanied by extensional fractures, which allow us to assume no important effect of the reverse
faults on the studied features.
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Figure 5.9.: (a) Reverse faults marked in top-view photograph of experiment with 25° JF-angle at 95%
displacement. (b) PIV image displaying the y component of the displacement field. Sharp changes in
color intensity indicate compression or dilation. (c) PIV image showing the summed up divergence of the
displacement field. Red colors show areas of local compression, i.e., reverse faulting.
5.4. Quantitative analysis of the analogue models
In order to quantify the effect of JF-angle, we carried out analyses of the following measurable
parameters using interpreted map-view images (see Fig. 5.10 for interpreted map and illustration
of measured parameters): Maximum damage zone width, area fraction of open gaps, degree of
segmentation, number of secondary fractures and number of connected pre-existing joints within
the damage zone. For quantifying damage zone width, we measure the maximum distance between
the unfractured parts of the host rock around the master fault (see Fig. 5.10). In Appendix 5.A
top-view photos and corresponding interpretations are provided for all experiments. In cases where
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Open gaps 
formed during 
faulting
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main-fault’s damage zone 
width Joints connected 
by secondary 
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Figure 5.10.: Top-view image of interpreted newly opened fractures at maximum displacement, exemplary
of the 16° JF-angle experiment. Image shows the interpretation routine for estimating damage zone width,
secondary fractures, joints connected by secondary fractures and open gaps formed during faulting. Photos
and interpretations for all experiments are shown in the Appendix.
damage by the master fault cannot be separated from damage by the antithetic fault, half the
distance between both is assumed as damage zone boundary. To measure the area fraction of open
gaps, we manually traced the open fracture networks and quantified their percentage of bulk area
using the ImageJ software (Abràmoff et al., 2004). Degree of segmentation is the total number of
pre-existing joints accommodating strain, which was determined using PIV analysis. Eventually,
we measure the angles between pre-existing joints and secondary fractures using ArcMap software
(ESRI – Environmental Systems Resource Institute, 2014). Top-view photographs of all experiments
and their interpretation can be found in the Appendix. Table 5.2 summarizes the measured data.
Table 5.2.: Summary of the measured data. Plot in Fig. 5.11.
JF-angle Number of Interconnectivity Area Damage zone Degree of
secondary (number of fraction of width (cm) segmentation
fractures connected joints) open gaps
No joints > 40 – 5.2 13.5 –
0° 9 4 8.2 9.3 4
4° 5 4 8.34 9.5 7
8° 7 4 8.8 9.9 5
12° 17 9 8.3 12.6 7
16° 23 9 9.5 12.9 9
20° 19 10 11.5 10.8 8
25° 28 11 11.1 10.25 13
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Figure 5.11.: Results of the quantitative analysis. For definitions of the individual parameters please refer
to Sect. 5.4
Our quantitative analyses show an increase of all analyzed attributes from small to large JF-angles
for angles larger than 8° (Fig. 5.11). Initial positions of the joints with respect to the basement
fault may be important for small JF-angles. In our experimental setup, joint spacing is close enough
that the master fault underlies several joints. Hence the influence of joints on fault evolution at 0°
may be interpreted quantitatively. However, the position of joints with respect to the master fault
for the 4° JF-angle experiment may be inconclusive due to insufficient cross-cuttings between the
joints and the master fault. The possible number of JF intersects can be 0 or 1 in our deformation
box depending on the initial joint position. A substantially wider box would result in one or more
intersections and consequently lead to the formation of step-overs. This cannot be represented in
our data due to limited box width. However, at JF-angles of 8° and higher, at least two intersections
between master fault and joint occur, independent of the initial location of the joints with respect
to basement fault. This implies that we can always observe joint-fault interaction at least at two
independent points, and results may be interpreted quantitatively.
In addition to these general trends we note that the area fraction of open fractures increases by only
3% and varies throughout the experimental series. The increasing trend is most pronounced in the
number of secondary fractures, the number of connected joints and the degree of segmentation, which
increases by over 150%, about 100% and about 130%, respectively. Interestingly, the secondary
fractures are more abundant in the footwall. However, in the experiment without pre-existing joints
we count more than 40 secondary fractures and a damage zone width of 13.5 cm, both exceeding all
measured values of experiment with pre-existing joints, while the area fraction of open gaps with
5.2% is smaller (data points are marked with filled square, circle and star in Fig. 5.11).
Rose diagrams plotting pre-existing joints and secondary fractures show that the orientation of
secondary fractures is always at a high angle to joint strike (Fig. 5.12). Overall, we observe that the
main fault gap is increasingly filled with rubble with increasing JF-angle.
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Figure 5.12.: Rose plots showing the orientation of pre-existing joints (black) and secondary fractures (red)
for all experiments. Strike direction of the basement fault is N–S. Note that secondary fractures are always
at a high angle to the pre-exiting joints.
5.5. Discussion - faulting in jointed rocks
5.5.1. Deformation at different angles
Our experiments provide insights on how pre-existing joints influence normal faults in nature. In
our experiments, the most counter-intuitive result is the observation that most of the secondary
fractures initially occur in the footwall of the normal fault rather than in the hanging wall, where
most strain is accommodated at a later stage. This implies that deformation initiates in the footwall,
probably at relatively long distance with respect to the normal fault (few centimeters). During
ongoing deformation, the secondary fractures gradually step over into the hanging wall, until a
steady state with mostly hanging wall deformation is reached. Figure 5.13 shows six PIV images of
the experiment with 12° JF-angle illustrating the progressive evolution of a fault at 2, 9, 13, 23, 42
and 14.7% displacement. Therefore, if a fault system is still evolving, major fluid pathways are
located in the footwall, whereas in long-lived steady state fault systems substantial additional fluid
pathways are created in the hanging wall of the master fault.
The second important observation is that connectivity of the joints increases with increasing
JF-angle. This rather straightforward result has likewise large implications on fluid flow through
the system, as connectivity and fracture surface increase. Whereas at low JF-angles fluid flow
is concentrated in a small area with low connectivity, systems with higher JF-angles provide a
wide zone of interconnected fractures. Our study for the first time is able to quantitatively show
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Figure 5.13.: PIV images series of the 12° JF-angle experiment showing the summed up divergence of the
displacement field (extension: blue; compression: red). Note how different joints are reactivated at different
stages of deformation.
this connectivity increase and related parameters (Fig. 5.11). In areas of variable angle between
joints and faults, which probably is rather the rule than the exception, this should be considered.
Examples for such settings may be the CLNP or carbonate fields of the Middle East (Daniel, 1954).
We note that the damage zone width decreases for JF-angles larger than 16°. We interpret this
to be the result of reduced influence of the joints on the fault trace. At high JF-angles it is easier
for the fault to fracture the intact material than to deviate far from its preferred orientation while
following the pre-existing joints. However, although the damage zone is narrower, the number of
joints that are connected via the master fault is increasing.
5.5.2. Comparison to other models
Whereas studies on interaction between dilatant joints and faults are limited, the interaction of
multiple stages of shear faulting has been studied in analogue models by several authors. Henza et al.
(2010) and Henza et al. (2011) performed experiments in which two phases of faulting at different
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angles were applied. The major difference to our models is the different material: Henza et al. (2010)
use wet clay that does not lose cohesion at fractures or faults, whereas we use dry powder forming
cohesionless joints and open fractures. The different approaches are valid for different natural
examples. In these experiments, second-phase faulting localizes at first-phase faults but also forms
new faults. Similarly, map views of the experiments of Henza et al. (2010) and of this study are
comparable. The number of newly formed fault segments increases with increasing angle between
maximum principal stresses of first- and second-phase faulting. Our experiments corroborate these
findings, as we observe a systematic increase of the number of new formed fractures and fault
segments at step-overs. The result is a zigzagged map-view fault geometry comparable to this study.
However, in the clay experiments by Henza et al. (2010), step-overs do not develop at the high
angles we observe. Kattenhorn et al. (2000) showed that the angle of secondary joints is related to
the ratio between fault-parallel and fault-perpendicular stress. This stress ratio differs for cohesive
faults as in the experiments of Henza et al. (2010) and cohesionless joints as in the presented models,
explaining the different orientations of secondary fractures.
5.5.3. Comparison to natural examples
Our results have direct implications for our understanding of natural dilatant fault systems in
jointed rocks. The inherent complexity of naturally fractured rocks, however, makes it difficult to
transfer all observations made in the lab to one particular outcrop. The best natural example, that
we also chose as base for the scaling of our experiments, is the grabens area of the Canyonlands
National Park, Utah, USA, which is an archetype for dilatant faults in jointed rocks (e.g. McGill
and Stromquist, 1979; Moore and Schultz, 1999; Rotevatn et al., 2009). The northern part of the
grabens is characterized by prominent vertical joint sets, which are older than the formation of the
dilatant faults (McGill and Stromquist, 1979; Schultz and Fossen, 2002). The most prominent joint
set consists of up to several 100 s of m long joints cutting through the upper 100m of sandstone
and roughly follows a NNE–SSW striking arcuate geometry of the graben-bounding faults. The
grabens of CLNP developed as an extensional fault array on top of a deforming layer of evaporites.
Faults dip at 60–80° below the jointed layer (Kettermann et al., 2015; McGill and Stromquist, 1979;
Moore and Schultz, 1999), comparable to our model setup. Angles between this joint-set and fault
strikes inferred from local trends range between 0° and ∼ 25° (Kettermann et al., 2015), which is
the range covered in our experiments.
The following structural elements observed in the experiments are also present and common in
the field. Where joints are at an angle with respect to the orientation of the grabens, i.e., not
normal to the regional direction of extension, faults step over from one joint to another forming the
typical zigzagged shape (cf. Fig. 5.7d). Airborne imagery (Utah Automated Geographic Reference
Center, 2009) of three selected areas shows different JF-angles and the resulting step-over geometries
(Fig. 5.14). As in the experiments, the distance between step-overs increases from small JF-angles
(Fig. 5.14b) to larger angles (Fig. 5.14d).
The graben walls are surfaces of pre-existing joints at which the faults localize (Kettermann
et al., 2015). Comparable to the models, in the field we infer a progressive migration of the
graben-bounding faults towards the footwall by reactivating several pre-existing joints before a
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Figure 5.14.: Collection of airborne photographs with interpretations of joints (red), estimated fault strike
(yellow) and scarp outline (blue) of selected areas in Canyonlands National Park. (a) Fault map of the
grabens of Canyonlands National Park. Locations of (b), (c) and (d) are shown as well as Fig. 5.15d. North
is up in all images. (b) 8–12° JF-angle. (c) 10–16° JF-angle. (d) 20–25° JF-angle.
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steady master fault forms. This is expressed by minor displacements reactivating some joints in the
footwall, before eventually a stable master fault forms and accumulates most offset. Figure 5.15
shows elevation profiles of the 0° JF-angle experiment (Fig. 5.15a, derived from photogrammetry)
and a location with 0° JF-angle in Devil’s Lane (Fig. 5.15b, location marked in Fig. 5.14a by red
star; National Elevation Dataset (NED) courtesy of the US Geological Survey). Both show the
same stair steps formed by faults reactivating pre-existing joints with increasing displacement from
east to west before the main graben-bounding fault formed.
As graben walls are vertical and faults dip shallower at depth, open fissures form at reactivated
joints. In the field these are mostly filled with rubble and Quaternary sediments but at numerous
locations sinkholes resulting from dilatational faulting exist where sediment and rainwater are
transported into the subsurface (Biggar and Adams, 1987; Kettermann et al., 2015). Ground-
penetrating radar studies (Kettermann et al., 2015) suggest that the hanging walls of the graben-
bounding faults (i.e., the graben floors) are faulted as well, which is in agreement with the observations
of our models. This shows that our models are capable of correctly reproducing the characteristic
features observed in similar natural settings, allowing us in turn to make predictions of natural fault
systems from these models. For example, our models suggest that along the graben-bounding faults
in the subsurface, interconnected fluid pathways exist that are partially filled with uncemented
coarse grain sediments and rubble.
However, there are limits to the comparability of our experiments and the graben fault system.
In CLNP a second set of pre-existing joints exists which is oriented roughly orthogonal to the
NNE–SSW striking joint set. This joint set is parallel to orientation of the developing secondary
fractures observed in our analogue experiments. As a result we are not able to compare formation
and extent of secondary fractures observed in the models with structures in CLNP. Likewise, the
exact position of step-over geometries may be affected, as they localize at and reactivate early
formed secondary fractures. The existence of step-overs is, however, unquestionable, as they are
elemental features in areas where faults interact with jointed rocks (Myers and Aydin, 2004).
Another example of normal faulting in pre-fractured cohesive rocks is the caldera collapse in
Campi Flegrei, southern Italy. During collapse, faults reactivate steep pre-existing joints, and
detailed analysis of the fracture pattern and younger faults shows that the collapse is controlled by
the inherited structures (Vitale and Isaia, 2014). This interaction localizes later volcanic activity
in areas adjacent to the caldera. Our modeling efforts corroborate these findings and show that it
is formation of step-overs and distribution of strain across several normal faults which cause new
craters to form preferentially in areas of high JF-angles.
The rift zone in Iceland shows similar features. Faults often localize along vertical cooling joints,
resulting in a planar fault geometry with abrupt changes of fault dip controlled by the depth extent
of joints rather than a pure listric shape (Angelier et al., 1997). This characteristic fault shape
could be observed in the grabens of CLNP or in faulted basalts on Hawaii (Holland et al., 2006)
and in the presented experiments and is more or less independent of the angle between joints and
faults. Holland et al. (2006, 2011) propose a connectivity of open fractures along faults up to great
depths based on field and laboratory observations. Our models suggest that this connectivity can
be enhanced by the existence of pre-existing vertical joints as they tend to open and connect via
secondary fractures during faulting.
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Figure 5.15.: Comparison of elevation profiles from experiment (a) and nature (b). Both show typical
stair step geometry caused by incremental reactivation of joints by fault migration from footwall to hanging
wall. Location of the profiles shown in (c) and (d) for experiment and nature, respectively. Location of
(d) marked in Fig. 5.14a by red star. Sharp spikes in elevation in a are artifacts of photogrammetric 3-D
reconstruction caused by shadows in open gaps. Inclined slopes in (b) instead of vertical surfaces result from
interpolation of the elevation model. In reality these are vertical joint surfaces (cf. Kettermann et al., 2015).
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However, the presented results are valid only for pure dip-slip normal faulting. Oblique faulting
can produce similar structures without pre-existing joints as shown by (Grant and Kattenhorn,
2004) in the rift zone on Iceland. Here, vertical joints in an angle with respect to the general fault
strike trend are formed in the very early stages of deformation. The resulting structures are mostly
comparable to the ones described in this paper, but the temporal and genetic relationship between
faults and joints is different and joints are relatively short in extend as they are related to the local
faulting rather than a regional process.
5.6. Conclusions
We studied the influence of pre-existing vertical, cohesionless joints on the development of faults
with different angles between both. Robust structural features that occur in the models as well as
in field prototypes and similar experiments validate our models. In detail we could show that
• the damage zone width increases by about 50% and the secondary fractures within this zone
by more than 100% with increasing JF-angle from 0 to 25°;
• the map-view area fraction of open gaps increases only by 3% over the tested range;
• antithetic faults show similar geometries and damage zone dimensions as the master fault;
• secondary joints and step-overs are oriented orthogonal to the primary joint orientation;
• experiments without pre-existing joints show a wider fracture network with a higher fracture
density, while at the same time providing less open space. However, due to the length of the
pre-existing open joints, areas far beyond the fractured parts are connected to the system.
In summary, the angle between pre-existing joints and faults has a distinct effect on the network
of open fractures mostly in terms of fracture surfaces and connectivity, while the volume of open
space does not change dramatically. However, fluid pathways are created over a large area which has
a strong influence on fluid flow. Structures in our models compare well with field prototypes such as
the grabens of CLNP, suggesting a predictive capability of these models. Investigating the influence
of parameters such as joint spacing or dimensions will be part of future work in combination with
discrete element models that allow the investigation of detailed fracture connectivity at depth.
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Appendix 5.A Raw data and interpretations used for quantitative
analyzes
The following three figure panels show a top-view photograph at maximum displacement for each
experiment and the corresponding interpreted map that was used for analyses.
0°
4°
8°
Figure 5.A.1.: Top-view photos and interpretation for experiments with 0, 4 and 8° JF-angle.
114
5.A. 5.A – Raw data
16°
12°
Figure 5.A.2.: Top-view photos and interpretation for experiments with 12 and 16° JF-angle.
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20°
25°
Figure 5.A.3.: Top-view photos and interpretation for experiments with 20 and 25° JF-angle.
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Appendix 5.B Digital supplement
For each experiment three movies compiled from image series are provided showing (1) top-
view, (2) oblique view and (3) divergence of the displacement field derived from PIV anal-
yses. These data can be found on the SD card attached to this document, and online at:
https://doi.pangaea.de/10.1594/PANGAEA.859151 (doi:10.1594/PANGAEA.859151).
Filenames are in the format <JF-ANGLE>–<TYPE> . <MOV>(e.g., “4deg-topview.mov”).
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6. Analogue modeling of salt intrusion into
dilatant faults
The work shown in this chapter is based on a proof-of-concept project investigating possibili-
ties to influence the magnitude of induced earthquakes in dilatant faults with salt as lubricant.
The project was funded by the State Supervision of Mines of The Netherlands and results are
published as report titled ’Aspects of fault zones around the Rotliegend reservoirs and the pos-
sible effects of salt in the fault zones on rates of seismicity in these zones’ in collaboration with
Steffen Abe, Simon Virgo and Janos L. Urai (https://www.sodm.nl/onderwerpen/aardbevingen-
groningen/documenten/publicaties/2016/06/21/advies-sodm-winningsplan-groningen-2016). A
more comprehensive version of this chapter is accepted for publication in the Netherlands Journal of
Geosciences under the title ’The effect of salt in dilatant faults on rates and magnitudes of induced
seismicity – first results building on the geological setting of the Groningen Rotliegend reservoirs’.
Abstract
This study investigates the lubricating effect of salt in dilatant normal faults. As rock salt can flow in
a ductile fashion at low strain-rates and break at high strain-rates, its presence in a fault introduces
a strain-rate dependency to the faulting, that in turn can have an effect on the distribution of
magnitudes of seismic events. In this part of the study we demonstrate how salt flows into opening
dilatant faults using analog models. The experiments shown are based on the stratigraphy of the
Groningen area, where the Permian Z1-Z3 carbonates and anhydrites are overlain by the Z3 & Z4
salts before faulting. It is generally thought that most faulting of the Rotliegend has taken place
in the Jurassic, after deposition of the Zechstein, related to the break-up and progressive rifting
of the Pangea supercontinent. This was followed by reactivation and inversion during the Late
Cretaceous and Early Cenozoic, related to the Alpine orogeny, but this has affected the Groningen
area only slightly. This means that at the time of faulting there was sufficient overburden on the Z1
- Z3 to ensure that the sulphates were brittle anhydrite. We propose that these layers were also
sufficiently brittle to allow faulting in a dilatant fashion, enabling the rock salt to flow downwards
into the dilatant fractures. To test this hypothesis, we combine cohesive powder as analog for
brittle carbonates with viscous salt analogs in two experiments and show both the developing fault
geometry and the resulting geometry of salt in the faults.
These experiments are seen as "proof of concept", while full scaling and discussion of all processes
which may transport salt into a dilatant fault require further, more detailed study.
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6.1. Introduction
Faulting (under drained conditions) in brittle rocks is to first order a strain-rate independent process.
That means a fault will develop in similar fashion independent of the rate of the underlying driving
process. Rock salt however behaves different: it can flow at slow strain-rates and break at high
strain-rates. Hence, introducing salt into a fault zone adds a rate-dependency to the faulting process.
In case such a fault is a potential hypocenter for induced seismic events one may expect that the
distribution of magnitudes can change with the overall movement rate. This effect has yet to be
investigated in detail.
Investigating the problem at hand requires a twofold approach. Firstly it has to be shown that
dilatant faults can form beneath a viscous salt layer and that the salt then flows into the developing
space. Secondly the effect of the salt in the faults on earthquake magnitudes has to be investigated.
The first step shown here is done using analog modeling, while for the second step a discrete element
numerical model was used.
Analog studies of salt tectonics until now use sand as non-viscous material and hence cannot
simulate dilatant faulting and the intrusion of salt into open fractures (e.g. Davison et al., 1993;
Nalpas and Brun, 1993; Vendeville and Jackson, 1992; Withjack and Callaway, 2000).
Analog modeling of dilatant faulting is usually done using cohesive powders (e.g. Abdelmalak
et al., 2012; Galland et al., 2009; Holland et al., 2006, 2011; van Gent et al., 2010). We use
hemihydrate powder as its properties have been studied in great detail and its suitability has been
shown (Holland et al., 2011; van Gent et al., 2010). Moreover, the material can be wetted after
deformation and thus harden, which allows for excavation and preservation of the faulted material
(Kettermann and Urai, 2015).
Combinations of fluids and cohesive powders have been used to model magma emplacement
(Abdelmalak et al., 2012; Galland et al., 2007, 2006, 2009), however in these models a low viscosity
fluid is pumped beneath the cohesive layer, forming open fractures at the free surface of the powder.
In the presented models the powder layer is covered by a high viscosity fluid. Kettermann and
Urai (2015) have shown that dilatant faults can form in cohesive materials even when they are
buried. This requires a small vertical stress (maximum principal stress in simple normal faults), i.e.
thin overburden thickness, so that the least principal stress can become negative when it intersects
the Mohr-Coulomb failure criterion. In our models we can conveniently adjust the failure mode by
controlling the thickness of the viscous cover layer.
6.2. Models
The presented experiments are based on the three basic assumptions that (1) the rocks beneath the
salt are failing in hybrid or extensional failure with (2) a strain rate slow enough to allow the salt
to fill the opening space by (3) viscous salt flow.
The study is intended to look into the behavior of sub-salt faults in the Groningen area, hence
we have chosen the models stratigraphy to roughly represent the natural stratigraphy with a
length-scaling factor of 1:10,000, meaning 1 cm in the model represents 100 m in nature. Faults in
the Permian anhydrites and carbonates beneath the Z3 and Z4 salts are expected to have formed
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after the deposition of the evaporites. This shallow burial depth means there was not very much
overburden pressure and hence we can assume a hybrid or extensional faulting in the carbonates
and anhydrites (see introduction and Kettermann and Urai, 2015).
To adjust the fault’s failure mode, we need to scale the overburden thickness (i.e. the salt analog
thickness) not by length but by vertical stress. Using the above introduced scaling factor of 1:10,000
would require a salt analog thickness of > 3 cm, however the weight of this layer would push the
brittle rock analogs more towards shear failure as the differential stress increases. Hence we use salt
analog thicknesses of 1.2 - 2.5 cm (depending on the density of the analog) in order to scale the
failure mode properly (Kettermann and Urai, 2015).
Making use of these assumptions and scaling rules we perform two experiments with different
approaches to show two aspects of the dynamic salt-faulting interaction:
1. We use a hardening resin as salt analog which allows post mortem investigation of the 3D
structure of the salt that has entered developing open fractures.
2. We use a transparent salt analog which allows 3D observations of fault formation underneath
a salt layer. Hardening the powder post mortem allows for a detailed investigation of the fault
zone itself.
Additionally we vary the basement fault angle from 63° to 70° to cover a range of potential
basement fault geometries (precursor or graben domain, Nollet et al., 2012).
Permian & Carboniferous sandstones = 35 mm sand
Ten Boer Clay = 5mm Sand/powder mixture (40:60)
Z3&4 Salt = 12 mm resin
Extension of the 
basement fault
Z1-3 Carbonates & Anhydrites
= 65mm Hemihydrate powder
Figure 6.1.: Setup of experiment 1 using a resin as salt analog.
6.2.1. Experiment 1: Hardening resin above cohesive powder
In this experiment we used a resin with a density of approx. 1.7 g/cm3 and an estimated viscosity
of 50 Pas as salt analog above layers of hemihydrate powder and sand. The basement fault of
the deformation rig was 70° causing a fault development in the precursor domain. Thicknesses of
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the individual layers are shown in Figure 6.1. As the resin starts to harden after 30 minutes the
maximum displacement of 16 mm was reached in this time. The formation of the fault as well as
the salt entering it can be seen in Figure 6.2.
Extension of the 
basement fault
A B C
salt analog owing down 
into open fracture
open fracture
Figure 6.2.: First(A) and last (B) photo of the deformation. The resin started to flow into the open fracture
rather late, but continued to flow after the end of the deformation (C).
After hardening the resin, we removed the powder and could then investigate the structure of
the ‘salt in the fault’. The resin shows a detailed negative form of the fault zone (see upside down
photograph Fig. 6.3). It becomes apparent that not only vertical but also lateral salt flow contributes
to the distribution of salt within the fault. At several places fragments of the powder were entrained
into the resin and left cavities in it. A high resolution 3D model of this structure is provided in the
digital appendix of this chapter. These observations compare well to those made by Holland et al.
(2011) from CT-scans of dilatant fault networks without viscous cover layers.
Cavity left by rubble in 
the ‘salt’
Salt analog
Powder-sand interface
‘Salt’ in the fault
30 c
m
Figure 6.3.: Excavated salt analog after hardening of the resin. Structure shows a detailed negative of the
fault zone, including cavities that formed from rubble falling into the resin and parts that remain clear of
resin due to a local lack of dilatantcy.
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6.2.2. Experiment 2: Hardening powder beneath transparent salt analog
In this second experiment we used a well characterized, transparent highly viscous silicone oil
as salt analog (Korasilon G30M, density ~0.98 g/cm3, viscosity 3*104 Pas) allowing for top-view
observation of the developing fault in the powder layer. The basement fault angle was set to 63°
(graben domain) and the maximum displacement was 15 mm at a deformation velocity of 1.2 mm/h.
Post mortem we hardened the powder by wetting it slowly from the bottom upwards and could
investigate the fault zone in 3D. The detailed setup is shown in Figure 6.4. Adding the silicone-oil
on top of the sensitive powder layer was done by letting it flow over it from one side over a period
of 20 h (Fig. 6.5).
Permian & Carboniferous sandstones = 70 mm sand
Ten Boer Clay = 5mm Sand/powder mixture (55:45)
Z3&4 Salt = 25 mm silicone oil
Z1-3 Carbonates & Anhydrites
= 65mm Hemihydrate powder
Extension of the 
basement fault
Transparent silicone 
oil
Figure 6.4.: Setup of experiment 2 using a transparent silicone oil as salt analog.
The formation of the faults is shown in Figure 6.6 in side-view. Hardening the hemihydrate
powder after the deformation allowed us to then remove the silicone and study the fault zone in 3D
in detail (Fig. 6.7). As a result of the smaller basement-fault angle faults are dipping shallower,
but still show strong dilatancy. As the silicone deeply entered the open fractures, some volume of
it remained inside when removing the layer as it was interlocked with the rough fracture surfaces.
However, when turning over the removed silicone oil layer a negative form of the fault zone is visible
and it is clear that the material entered the opening space of the dilatant faults (Fig. 6.8).
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A
B
Inow of silicone oil
~10 h
~20 h
Figure 6.5.: The silicone oil was applied onto the sensitive powder layer by letting it flow over during approx.
20 hours.
A B CSilicone oil level
3 mm oset 8 mm oset 15 mm oset
formation of open 
fractures with ‘salt’ 
intruding
Figure 6.6.: Side-view photographs of experiment 2 at 3, 8 and 15 mm displacement.
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A B
Figure 6.7.: Excavated hardened gypsum layer of Experiment 2
Negative form of 
open fractures
Silicone oil removed from hardened 
plaster layer and turned over
Figure 6.8.: Silicone oil removed from Experiment 2 after the deformation. Layer was turned over, so that
parts of it that were intruding the dilatant parts of the fault protrude upwards.
126
6.3. Numerical Models
6.3. Numerical Models
Numerical modeling of faulting with salt present in the fault was done by Steffen Abe using the
discrete element method (DEM, Cundall and Strack, 1979). Abe and Urai (2012) introduced a
combined method of brittle and ductile materials in DEM simulations which is used here. The used
geometry consists of two blocks of bounded particles that are separated by an unbound surface. In
between these two blocks another block of particles representing the salt is completely embedded.
Interactions between several of these particles and between these particles and surrounding rock
particles are implemented as a combination of elastic repulsion and velocity-dependent damping.
Seismic events are detected by monitoring the elastic energy stored in the model. Each sudden drop
in elastic energy represents a seismic event and the magnitude is defined as the logarithm of the
released elastic energy.
Counter-intuitively, results show a trend towards a higher number of large events at slower
velocities, while the magnitude of large events remains the same. A possible reason for
this behavior lies in the elastic energy stored in different parts of the model (i.e. in the
’rock’ and in the ’salt’) during the stick-slip cycles. For further details on the DEM mod-
els and corresponding figures the reader is referred to Part II of the report ’Aspects of fault
zones around the Rotliegend reservoirs and the possible effects of salt in the fault zones on
rates of seismicity in these zones’ available at https://www.sodm.nl/onderwerpen/aardbevingen-
groningen/documenten/publicaties/2016/06/21/advies-sodm-winningsplan-groningen-2016
6.4. Discussion
The presented analog models clearly showed that salt can flow into open fractures of underlying
dilatant faults. However, there are several limitations to the information gained here. First of
all, the models are based on quite restrictive assumptions regarding the mechanical properties of
salt and brittle rocks as well as the stress regime at the time of faulting. Small changes in either
the overburden stress or the rock strength can result in dramatic changes of the fault dilatancy
(Kettermann and Urai, 2015). Secondly, the structural domain in which the fault develops (i.e.
precursor or graben domain, Nollet et al., 2012) has a strong influence on the dilatancy and with
that on the amount of salt in the fault. Third, the models showed a salt distribution within the
dilatant fault with more salt in the upper part of tha open fractures than in the lower part – this is
a result of changing failure modes in the cohesive layer and general vertical fault geometry.
All these uncertainties have not been enlightened enough to make clear statements on the actual
Groningen case, or any other. Extensive work to define the stress and strength parameters, precise
timing of the faults, fault architecture, etc., are necessary to make a better prediction of salt
distribution in the Zechstein anhydrites of the Groningen area. It is only when we understand how
salt is distributed in dilatant faults, that we can run diagnostic numerical models that actually predict
how deformation rates influence seismic event frequencies and magnitudes in nature. Nevertheless,
this study served its purpose of proving that we are able to do so, given the required background
information and time.
127
6. Analogue modeling of salt intrusion into dilatant faults
6.5. Conclusions
Under the assumptions that the carbonates and anhydrites beneath the Z3 & Z4 salts of the
Groningen area form faults in hybrid or dilatant failure, the presented analog models clearly show
that:
1. Salt flows into opening fractures and faults in underlying brittle rocks
2. Lateral flow of the salt can bring salt into extensional jogs even beneath non-dilating parts of
the fault zone
3. The extent to which salt will flow into a fault zone is strongly controlled by the failure mode
of the underlying rocks, the fault domain (i.e. precursor or graben domain) and the overall
fault geometry.
DEM models based on these results show indeed a shear loading rate dependency of seismic event
magnitudes. However, a complex interplay between stick-slip dynamics of faults and a visco-elastic
behavior of salt as well as to this end undefined fault geometries, stress states and deformation rates
require a much more in-depth investigation.
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Abstract
Clay smear is difficult to predict for sub-surface flow applications and would benefit from an
improved understanding of the processes controlling clay smear. We present water-saturated
sandbox experiments with large clay smear surfaces (~500 cm2) that couple cross-fault fluid flow
measurements with structural analysis of excavated clay smears. We compare measured flow data
to numerical flow simulations to develop a tool to evaluate the evolving fault structure. Results
show diagnostic relationships between fault structures and cross-fault flow. In experiments with
one or two clay layers and a cumulative thickness of 10 mm at 100 mm displacement, normally
consolidated clay in a structural domain of graben faulting initially yields hybrid brittle/ductile
failure with early breaching of the clay layer and increased cross-fault flux. This is followed by fault
back-stepping, formation of clay smears and reworking of clay fragments within the fault. Early
formed holes remain open during the evolution of the faults. Fault zones are segmented by fault
lenses, breached relays and clay smears in which sand and clay mix by deformation. Experiments
with two clay layers show that holes rarely form at the same position on the fault plane, producing
a layered sand-clay fault rock with greater flow path tortuosity and lower permeability than in
one-layer experiments. We compare our results with observations of faults in nature and discuss
progress towards models with sufficient detail and understanding to allow prediction of flow across
evolving faults, first in laboratory models and then in the subsurface.
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7.1. Introduction
Clay smear, shale smear or shale gouge is a clay-rich fault rock in a layered sedimentary sequence
(usually sand-clay, or carbonate-shale, (e.g. Lehner and Pilaar, 1997; Lindsay et al., 1992; Weber,
1987; Yielding et al., 1997). It is formed by a range of processes, which transform clay or shale in the
wall rock into clay that is part of the fault zone (van der Zee et al., 2003). Clay smears are common
in faulted sand-clay layered sediments. As clay is finer grained and has a corresponding lower
permeability than sand, clay smears hinder cross-fault fluid flow, and, in the limit of a continuous
clay smear, can serve as a capillary barrier or seal to cross-fault flow of the non-wetting fluid (Smith,
1966; Urai et al., 2008). Clay smear development can have important implications for hydrocarbon
exploration and production, groundwater management, geothermal systems and CO2 storage. In
spite of advances in predicting the effects of clay smear in fluid flow applications (cf. discussion and
references in Vrolijk et al. (2016), there remains ample opportunity to improve flow predictions by
including state of the art understanding of the geomechanical properties of clay and sand and the
related fault processes in mechanically layered systems.
Existing models of the flow effects of clay smear rely on geometric analysis of the fault system and
have done so for decades (e.g. Weber et al., 1978). These models only implicitly incorporate effects
of geomechanics and rock deformation. Predictive algorithms used in industry applications (shale
gouge ratio – SGR: Yielding et al. 1997; shale smear factor – SSF: Lindsay et al. 1992; clay smear
potential – CSP: Fulljames et al. 1997) are based on the clay volume in the faulted sequence and fault
throw (Bouvier et al., 1989; Bretan et al., 2003; Freeman et al., 1998; Lindsay et al., 1992; Yielding
et al., 2010; Yielding, 2002; Yielding et al., 1997), and operate with a local or global definition of
critical values at which a clay smear crosses a flow/no-flow threshold. While these methods proved
useful in many cases, these predictions are difficult to rigorously test using subsurface observations.
More recent work (e.g. Noorsalehi-Garakani et al., 2013) has begun to expose the benefits of a more
explicit incorporation of fault mechanics-based evolution on the resulting cross-fault flow geometric
constraints.
Vrolijk et al. (2016) presents a critical discussion of these methods and suggested that the
cross-fault flow problem has shifted to a question of how the different permeability elements (e.g.
lenses of deformed sandstone and shale) are distributed in a fault zone, and this question lends
itself to a better understanding of fault evolutionary processes. These processes include those that
increase the area of low permeability fault components and those that disrupt that continuity.
Complex clay smear geometries raise the questions ‘How permeable is the fault?’ and ‘Can we
predict the bulk permeability of a fault with clay smear?’ While this is reflected in the use of
fault transmissibility multipliers in reservoir models (Manzocchi et al., 1999), predictive algorithms
based on one-dimensional geometric controls (e.g., SGR) fail to account for the variable effects
of common fault structures like fault relays and lenses. Flow simulations in reservoir scale were
developed implementing relay structures and complex fault permeability distributions (Fachri et al.,
2013, 2011), however without sufficient control on the real distribution of fault rocks. In this work,
we focus on the experimental development of common fault structures during normal faulting of
layered sand-clay sequences and use analysis of cross-fault flow to both interrogate the evolving
fault structure and develop a deeper understanding of the effects on evolving fault structure on
133
7. Evolution of structure and permeability of normal faults with clay smear
cross-fault fluid flow.
Outcrop studies provide high resolution data of clay smear structures and processes in a wide
range of spatial scales and lithification states (Aydin and Eyal, 2002; Bense et al., 2003; Clausen
et al., 2003; Davatzes et al., 2005; Doughty, 2003; Eichhubl et al., 2005; Faerseth, 2006; Foxford
et al., 1998; Heynekamp et al., 1999; Kettermann et al., 2016a; Kristensen et al., 2013; Lehner and
Pilaar, 1997; Lindsay et al., 1992; Loveless et al., 2011; van der Zee and Urai, 2005; van der Zee
et al., 2003; Weber et al., 1978). The inherent 3D-variability of clay smears is recognized as difficult
to explore in two-dimensional outcrop studies (Foxford et al., 1998; Vrolijk et al., 2016). Further
challenges for a complete analysis include insufficient data on mechanical properties and stresses at
the time of faulting, dynamic information on fault evolution or cross-fault flow data (Vrolijk et al.,
2016). Bense and Van Balen (2004) used groundwater hydraulic head measurement across a fault in
the Lower Rhine Embayment to show that the fault must be baﬄed by clay smearing; however,
in this case medium-scale fault heterogeneities and structures are unknown and may influence the
results. Three-dimensional thickness data on clay smears in outcrops are only provided by Doughty
(2003), Noorsalehi-Garakani (2015) and Kettermann et al. (2016a).
A variety of approaches have been used to investigate clay smear processes under laboratory
conditions. Ring-shear experiments have been used to run parameter tests under controlled
stress/strain conditions (Clausen and Gabrielsen, 2002; Cuisiat and Skurtveit, 2010; Sperrevik
et al., 2000). Cuisiat and Skurtveit (2010) additionally performed fluid flow measurements across
the clay smear and report increasing flux with decreasing clay smear thickness. However, in ring
shear experiments, deformation localization is strongly controlled by the experimental geometry,
forming a thin shear zone approximately in the plane of the forcing rings. Further factors limiting
the application of experimental results to fault predictive models are the relatively small sample
width and hence small clay smear area, the strain difference between inner and outer ring, and a
possible heterogeneous initial stresses due to sample preparation (Vrolijk et al., 2016).
A modified direct shear cell with less sharply enforced boundary conditions along the slip plane
(Giger et al., 2011) allows cross-fault flow measurements in lithified, layered sand- and claystone
samples. CT-scans of samples deformed in the direct shear apparatus of Giger et al. (2011) provide
insights into the 3D thickness distribution of the clay smears (Çiftçi et al., 2013). Results show
that the distribution of thicker clay-lenses is related to clay strength. Strong clays tend to form
more segmented clay smears with clay fragments being incorporated into the fault, while weaker
clays form more continuous clay smears. Brittle deformation and abrasion are described as driving
processes for clay smear formation. Direct fluid flow measurements in the same deformation cell
(Giger et al., 2013) show that higher clay content in the source bed and increasing normal stress
lead to more continuous clay smear development. The authors show that at small displacements
highly over-consolidated and cemented clays are breached by dilatant fractures.
Schmatz et al. (2010a,b) present experiments on clay smear formation in a water-saturated
sandbox, where layers of sand and clay deform above a predefined rigid basement fault. The
dimensions of these models allow the formation of releasing or restraining relays. Glass side walls
permit continuous observation of the fault zone and clay smear evolution in side-view. Results show
throw partitioning caused by lateral fault migration in the early stages of deformation and thickening
of clay smears due to grain-scale mixing. A series of experiments with different clay strengths
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illustrates processes, such as brittle fracturing and reworking of brittle clay. Noorsalehi-Garakani
et al. (2013) continued this work with detailed characterization of the material properties for the
low stresses in the sandbox and introduced a method to excavate the clay smear to analyze its 3D
structure and continuity.
The effect of failure modes and especially hybrid failure (Ramsey and Chester, 2004) in clay
smears has a significant influence on the evolution of cross-fault flow (Vrolijk et al., 2016). We
adopt a broad definition of hybrid failure to describe mixed brittle/ductile deformation mechanisms
in a single lithology without documenting necessary conditions described by Ramsey and Chester
(2004), such as the continuous evolution of fracture angles or increasing confining stress.
In this article we study how clay smears form and affect cross-fault flow when the clay initially fails
in a hybrid brittle/ductile mode followed by ductile deformation of the produced clay fragments. We
also evaluate the effects of multi-layered clay smears and provide initial insights into combining the
flow effects of individual clay smears. To address this, we present a set of analogue experiments in
which we measure the bulk fluid flux across developing clay smears in one- and two-layer experiments.
We use cross-fault flow as an independent tool to probe the evolving 3D fault structures. We then
relate flow properties to the structural history of the fault and the geometry of the clay smear,
building upon the results of Schmatz et al. (2010a,b) and Noorsalehi-Garakani et al. (2013), and we
describe flow phases determined by changes in the evolving fault structure. Finite Element flow
simulations using simplified fault geometries help guide the interpretation of experimental flow
results by placing constraints on the flow effects of clay smear thickness and hole area fractions that
evolve naturally in the experiments. Further, these simulations help to evaluate flow pattern in the
model, especially for geometries with two amalgamated clay smears where tortuosity is a major
factor controlling cross-fault flow.
7.2. Sandbox experiments
Experiments presented in this work are performed in a water-filled sandbox, using water-saturated
clay and sand as analog modeling materials and measuring across-fault fluid flow. The focus of these
experiments on cross-fault flow required adapting the design of the deformation apparatus. For the
first time, we interrogate the full 3D evolution of the fault system by undertaking flow experiments
after small displacement steps; in previous experiments that history was only known at the glass
sidewall.
7.2.1. Deformation box and experimental setup
The sandboxes used by Schmatz et al. (2010a,b) and Noorsalehi-Garakani et al. (2013) are designed
with fixed glass panes on both sides and an intervening rigid basement fault that moves along these
panes. This design allows a continuous detailed 2D observation of the deformation through the glass;
however, it also requires the clay layer to move along the glass panes with the risk of breaching the
sealing between glass and clay. We consequently designed the new deformation box with aluminum
sidewalls that are split in the plane of the rigid basement fault (63° fault dip; Fig. 7.1a, c) based on
the design of Holland et al. (2011). This design also changes the boundary conditions slightly in
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Figure 7.1.: Design of the sandbox. a: Sketch of the sandbox design with split side-walls above a rigid
basement fault. Sand (yellow) and clay (white) are water (blue) saturated. Clay layer is built in notches to
avoid water bypassing the clay layer at the side-walls (see blowup of red rectangle in b). b: Illustration of the
clay-filled notches encompassing the inner box and the slip surface at the side-walls. Water flow around the
clay or along the slip surface (see arrows) is hindered due to the larger contact area (see d for photograph of
this area). c: View into the sandbox without the moving segment. d: Photograph of the section illustrated in
b. Clay filled notches with intact contacts towards clay smear and source clay hindering unwanted fluid-flow.
that the dip of the sidewall velocity discontinuity is enforced onto the model. The fault zone inside
the sand-clay package develops with a variable dip, different from the basement fault, resulting in a
slight curvature of the fault in the first 2 cm from the bounding walls (Kettermann et al., 2016b).
Each of the split sidewall parts is mounted and sealed to the base-plates, resulting in a sharp
displacement discontinuity along the basement fault and the split in the sidewalls. These are sealed
with a rubber seal and silicon grease. Additionally, a notch along the slip-surface of the sidewalls
is filled with clay prior to the filling of the sandbox (Fig. 7.1b, d). This provides a wider area of
contact for the clay smear at the otherwise very thin predefined slip-plane at the bounding walls
and ensures sealing.
The clay layer is built into a horizontal notch in the inner walls of the box, to ensure there is
no fluid flow between the clay layer and the bounding walls, bypassing the clay. Thus, the clay
layer hydraulically compartmentalizes the sand-clay-sand model. This method, while not allowing
optical monitoring of the deformation in side-view, provides good sealing of the two compartments,
allowing detection of small changes in fluid flux between the two compartments.
A constant hydraulic head is maintained inside the upper sand compartment by connecting it
to an external overflow reservoir (inflow reservoir). The base-plate in the footwall is perforated
to allow outflow into a second overflow reservoir with constant water level (outflow reservoir). To
induce flow across the clay layer, the outflow reservoir is physically lowered by 2 cm in relation to
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Figure 7.2.: Illustration of the experimental workflow with pressure profiles and plots of water-volume over
time. Vertical red line indicates location of pressure profile. a: Hydrostatic pressure in the entire box, no
outflow. b: Outflow valve is opened, lowering hydraulic head in bottom compartment. Flow from top to
bottom is induced. c: Experiment is deformed with hydrostatic pressure in entire box. No outflow. d: After
deformation, hydraulic head in bottom compartment is again lowered inducing flow from top to bottom,
thinner clay smear now causes higher flux. Sequence is repeated until final displacement is reached.
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the inflow reservoir (0.5 mm accuracy) creating a downward hydraulic head gradient between the
upper and lower compartment (Fig. 7.2), which induces flow from the top to bottom compartment.
Additionally, the pressure below the clay layer is monitored with a pressure gauge in the lower
sand-body (resolution ~1 Pa). The volume of water flowing out of the outflow reservoir is measured
over time by a digital scale (0.1 g resolution, 0.5 Hz sample rate) as a proxy for the flow rate across
the fault. We measure downward flow from the top compartment into the bottom one to avoid
possible problems with the model’s stability when pressure in the lower compartment gets close to
the minimum total stress in the clay. This means that during flow measurement the total vertical
stress in the clay layer and the lower sand is slightly higher than during fault motion, making
the clay slightly over-consolidated (Ingram and Urai, 1999). To minimize this effect, we chose a
hydraulic head difference of only 2 cm water column, which translates to only 196 Pa.
7.2.2. Material properties and scaling
The materials used are a kaolinite-water-mixture (50 wt% kaolin & 50 wt% water) to model the
clay layer and fine grained sand as embedding medium (Type A, 0.08 - 0.2mm, 99.99% SiO2,
Carlo Bernasconi AG Bern, Switzerland) that has been used as a standard for an analog materials
benchmarking project (Schreurs et al., 2006). The sand has a grain density of 2660 kg/m3 and a
maximum bulk packing density when it is water saturated of 1618 kg/m3 and a porosity of up to
40 %. The materials are the same as used by Noorsalehi-Garakani et al. (2013), who measured
the mechanical properties of the sand and clay under the given small overburden pressures using a
miniature triaxial apparatus. In experiments 1 and 2 we added 40-wt% sand to the clay mixture
to use the exact mixture used by Noorsalehi-Garakani (2015). However, permeability test in this
study suggest no significant difference in permeability between 0% and 40 % sand in the mixture.
Further, the rheology is not strongly affected by the portion of sand in the mixture and consequently
observed resulting clay smear structures in pure clay are comparable to those with sand in the clay
mixture (Noorsalehi-Garakani, 2015). As the differences in mechanical and hydraulic properties
are not significant we preferred a pure clay-water mixture for the rest of the experiments. With
pure kaolinite source clay the only source for sand in the clay smear is the host rock, which allows a
better investigation of grain-scale mixing processes.
It has been shown earlier (Schmatz et al., 2010b) that these type of water-saturated clay
smear experiments provide structural styles of faulting that reproduce observations from numerical
simulations (Schöpfer et al., 2006) and are thus robust features that occur in nature as well. Full
scaling using a length scaling factor as commonly done in analogue models is, however, difficult
here. Parameters such as grain sizes and related processes like grain-scale mixing don’t necessarily
scale with material strength or sample size. For this study we use scaling based on the clay’s failure
mode (cf. Kettermann and Urai, 2015). Vrolijk et al. (2016) propose that the absolute and relative
strengths and brittleness of the clay and source rock contribute to clay smear and control the clay
smear structure. Correspondingly, we propose that observations made in this article are valid for
natural examples where 1) the sand is cohesionless, 2) the clay is cohesive and with a tensile strength
greater than zero and 3) the differential stress as well as the effective maximum principal stress
(σ1’) are small enough (following a compression positive convention) to allow hybrid failure (Ferrill
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et al., 2012).
Permeability of both the sand and clay were measured by the Chair of Geotechnical Engineering
at RWTH Aachen University (pers. communication Oscar Juarez, 2013) using a falling-head
permeameter setup following DIN 18130-ZY-ES-ST-2 (German Institute for Standardization, 1998).
The sand has an average hydraulic conductivity of Kfsand = 1 ± 0.4 ·10−4 m/s, while the clay has
an average conductivity of Kfclay = 4 ± 2 ·10−8 m/s. Variations of K are caused by small variations
in the water content of the sample. Additionally, the overburden stress in the sandbox is larger
than in the measurement setup (7 cm vs 12 cm), so that a slightly smaller K (down to 1 ·10−8
m/s) can be expected in the experiments. The same argumentation implies that the permeability
of the undeformed compacted source clay is smaller than the (anisotropic) permeability of the
sheared and reworked clay within the fault zone; however, we have yet to quantify this effect. A
series of permeability measurements with increasing percentage of sand (0, 10, 20, 40, 60%) mixed
into in the clay shows only a minor variability of ~1 ·10−8 m/s (see Appendix 7.C, Fig. 7.C.3),
consistent with the findings of Crawford et al. (2002) from triaxial tests at 100 MPa confining
pressure. The variation between different tests is many times larger than the variation of average
values for different sand contents, leading us to conclude that even moderate amounts of sand mixed
in the clay have little effect on the flow properties.
We used a thin layer of corundum sand as marker horizon in the two-layer experiments. The
grain size is comparable to the standard sand used, and the layers are 1 cm thick. We infer that the
marker layers have no significant influence on fault geometry or fluid flow.
The structural and mechanical evolution of the faults and clay smears in the experiments are
strongly influenced by strength contrasts between sand and clay layers and the fault dip in the
stronger layer (Horsfield, 1977). To characterize deformation above a basement fault, Nollet et al.
(2012) defined two structural domains to describe the fault formation. For the mechanical properties
of the sand used and for basement fault dip > 63° the faults form in the precursor domain (Nollet
et al., 2012), which shows early vertical to steep reverse fault strands (the precursor) that later
jump towards the footwall at shallower dip angles. With basement faults < 63° the experiments
evolve in the graben domain, which usually lacks a precursor fault and forms an extensional graben
in the hanging wall. Estimates of the effective stress at failure at the clay-sand interface show that
in a precursor domain a normal fault in the clay would form by shear failure (Noorsalehi-Garakani
et al., 2013). This is supported by the observations from excavated models, which showed numerous
fault lenses caused by the migration of the precursor and connected by ductile clay smear.
An important point to make is that a normally consolidated clay can behave mechanically different
depending on the structural domain in which it deforms. Noorsalehi-Garakani (2015) presented
experiments in both precursor (70° basement fault dip) and graben domain (55° basement fault dip),
showing that faults forming in the graben domain result in a different mechanical behavior of the
clay smear, with dilatant failure and abrasion being the more prominent mechanisms of clay smear
formation. A 63° basement fault dip marks the transition from graben to precursor domain. In
this transition zone elements from both domains occur; often an initial precursor fault was followed
by graben formation. The 63° basement fault angle of the sandbox is hence chosen to investigate
processes of both domains. However, minor differences in compaction and the resulting mechanical
variations can sometimes shift the fault purely towards the precursor domain.
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7.2.3. Experiment protocol
Experiments were designed and interpreted for saturated, single-phase flow. Measurements in porous
media are sensitive to air bubbles, which can increase the entry pressure and hinder fluid flow. It is
therefore important to de-aerate the entire tubing and outflow filter before filling in the sand. Sand
and clay are prepared and filled in in a way that no air bubbles are brought into the system. The
experiments follow a strict protocol ensuring constant fluid pressure conditions during deformation
and flow measurement (Fig. 7.2). The detailed protocol is included in Appendix 7.A.
Deformation structures at the top surface of the model are monitored by photography. In order
to study the structure of the clay smear in 3D, the sand above the clay smear is removed after the
experiment. Area fractions of holes in the clay smear are measured based on interpretation of high
resolution photographs of the excavated clay smear.
Experi-
ment
Clay
thickness
[mm]
Displace-
ment
[mm]
Flux at 0 displ
[cm2/min]
Flux at max displ
[cm2/min] Hole area fraction [%]
1* 10 45 0.23 9.64 4
2* 10 25 0.33 5.46 0
3rep 10 100 0.23 7.53 3.6
4rep 10 100 0.16 12.60 12.3
5rep 10 100 0.29 13.11 14.1
6 30 140 45 0.21 7.9 0.9
7(two
layer) 2 x 5 100 0.21 9.03
top: 3.7
bottom: 10.8
overlay: 0.2
8(two
layer) 2 x 5 100 0.17 7.03
top: 2.2
bottom: 1.2
overlay: 0.02
9(two
layer) 2 x 5 100 0.17 9.46 2.4
Table 7.1.: Summary of experiment data (clay thickness, displacement, flux at 0 cm displacement, flux at
max. displacement, hole area fraction, Measured flux at 0cm displacement). *Clay mixture includes 40 wt-%
sand. Experiments 3, 4, 5 (indicated ‘rep’) repeat experiments by Noorsalehi-Garakani (2015); Experiments
7, 8, 9 have two clay layers in varying distances.
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7.3. Observations from excavated clay smears
We present a series of 9 experiments based on geometries used in earlier experiments (Noorsalehi-
Garakani, 2015), including a subseries to test reproducibility and three two-layer experiments. The
geometries of the experiments and all relevant data and summary results are listed in Table 7.1.
A typical result of an excavated clay smear surface is shown in Figure 7.3a. The contacts of the
clay smear and the moving side-walls are checked to be intact and sealing. Blue sand from the
marker layer beneath the clay shows areas of very thin clay smear (< 0.05 mm) and fault lenses
containing thicker clay are clearly visible.
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Figure 7.3.: a: Example of excavated clay surface showing undeformed source clay, clay smear, and clay
filled notches (cf. Fig. 7.1b). b: Front view photograph of the excavated clay smear. Blue sand from marker
horizon reveals very thin or breached clay smear. Saturation of blue colors digitally enhanced. c: Hole area
fraction (HAF) analysis based on Fig. 7.3b. Black: Parts of the image that are not clay smear; dark gray:
clay smear; light gray: holes & very thin clay smear (see Sect. 7.3.2 for more details).
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Side-view observations of experimentally produced clay smears in profile show strong segmentation
of the clay smears (Noorsalehi-Garakani et al., 2013; Noorsalehi-Garakani, 2015). Large parts
consist of thin clay smear, occasionally disrupted by holes. However, due to fault back-stepping
and formation of fault lenses undeformed clay smear fragments are entrained into the fault as well.
Subsequent shearing of these fragments can produce larger areas of thick clay smear. Noorsalehi-
Garakani (2015) reports average clay smear thicknesses of approx. 0.7 mm, with clay smears showing
a log-normal distribution of thickness. This corresponds to outcrop observations of Navarro (2002)
and Kettermann et al. (2016a).
Photos of the excavated clay smear surfaces and corresponding image analyses of all experiments
are shown in the Appendix 7.D.
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Figure 7.4.: Undulating fault traces indicate hybrid failure. a: Map-view of undulating fault trace derived
from photogrammetric 3D model. b: Outline of the footwall cutoff shows convex and concave fault segments.
c: Oblique view of the experiment illustrating fault structure. Convex fault segments coincide with parts
where clay fails in extension, concave fault segments coincide with parts where clay fails in shear mode.
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7.3.1. Observations of excavated clay smear
After the experiment is complete the clay smear surface is excavated by using brushes and a hot
air blower according to the method described by Noorsalehi-Garakani et al. (2013). Investigating
the clay smear surface after excavation provides several important qualitative observations on its
structure. We observe different structures in experiments forming in the graben domain than from
those experiments forming in precursor domain.
In graben-domain experiments the fault trace at the footwall cutoff undulates as a result of
basement control on fault dip (Horsfield, 1977), fault refraction on mechanically different layers
(e.g. Schöpfer et al., 2006) and minor heterogeneities in packing density, friction angle and strength
of the used materials. Segments of the fault that show a concave curvature towards the footwall
have slightly shallower fault dips than convex parts (Fig. 7.4). In concave parts, the dip angles in
the clay are the same as in the sand and the clay smear beneath appears more continuous than in
convex parts. There, the fault in the clay shows vertical to overturned dip angles and the clay often
forms overhanging structures similar to those described by Gabrielsen et al. (2016). Often no clay
smear forms directly underneath these overhanging segments (Fig. 7.5a). These observations are
interpreted to correspond to shear and extension segments in hybrid failure experiments presented
by (Kettermann and Urai, 2015).
We often observe lenses of sheared clay underneath segments of the fault forming in shear mode.
These clay fragments overhang the fault segment below them, and indicated by blue sand, form
no clay smear underneath. This indicates a back-stepping (shallower fault dips, steps towards
the footwall) of fault segments combined with a transformation from extensional failure to shear
failure. Clay fragments/lenses in the fault are sheared progressively and increase the area of the
fault occupied by clay (Fig. 7.5b).
a b
c d
2 cm
2 cm
1 cm
1 cm
Figure 7.5.: Details of typical structural elements. a: Overhanging source clay at footwall cutoff with
overturned fault dip in the clay. b: Deformed clay fragments in the fault, overhanging at the bottom with
holes beneath. c: Local doubling of clay smear due to the formation of ‘clay noses’ where fault strands jump
toward the hanging-wall and erode clay fragments. d: Striations on the clay smear where small clay fragments
are transported along the smear.
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During fault zone evolution active fault strands tend to stepwise form at shallower fault dips,
effectively jumping towards the footwall. However, sometimes we observe the opposite at later
stages of fault evolution where active fault-strands form at steeper dipping angles further in the
hanging wall. This causes erosion of the hanging wall side of clay fragments that have been formed
earlier by shallower dipping fault segments. Clay that is now entrained following this shallower
dip creates a local doubling of clay smear as it moves past the earlier formed steeper smear and
forms ‘clay noses’ (Fig. 7.5c). As we often observe holes beneath such clay fragments, these ‘clay
noses’ can cover the area of holes and cause a reduction of bulk permeability of the fault zone or a
resealing of the clay smear.
Two-layer experiments show larger lenses of undeformed clay in the fault than one-layer experi-
ments. Aside from that, structures in Experiments 7 and 9 are comparable to those observed in
experiments with only one clay layer. In these two experiments the distance between both source
layers was large enough to form a continuous sand smear between two individual clay smears, so
that we could separate these and study the top clay smear and bottom clay smear individually. In
Experiment 9, where the distance between both clay layers was reduced to 2 cm, an amalgamated
clay smear formed so that separation of the clay smears from top and bottom source layer was not
possible. Blue colors indicate that holes formed piercing through both clay smears at the same
locations. These holes dominate the permeability of this fault, while holes that only pierce a single
clay smear contribute less (see section 7.6.5).
Only two experiments formed in the precursor domain (Experiment 3 and Experiment 8). These
show a different fault structure in that fewer over-steepened fault segments form and the clay smear
develops more continuously and with less extensional failure.
To visualize the grain-scale structure of such a clay smear we dried (in-situ) a thin (1 mm) sample
of a high-strain part of the smear and hardened it with cyanoacrylate. We then carefully cut this
wafer with a miniature diamond saw to create a surface parallel to the fault dip. Broad ion beam
milling using the method described in detail by Schmatz et al. (2016) but without freezing of the
sample for 4 hours at 7.5 kV produced a perfectly flat surface of 1 x 4 mm that allowed for imaging
sand and clay grains at resolution down to 100 nm using a SEM (e.g. Desbois et al., 2016; Schmatz
et al., 2016). Backscattered electron images (Fig. 7.6a) show that the clay smear is a sheared zone of
almost pure Kaolinite with clay smear thickness variation of a factor > 2 even in this ~3 mm small
sample. In the center of the clay smear, clay minerals are well aligned parallel to the shear direction
(Fig. 7.6b). Closer to the boundary of the smear, where we infer rolling sand grains, alignment of
clay minerals shows a foliation following the sand grain surfaces (Fig. 7.6c). At the very outer rim
of the shear zone we observe sand grains that are held in place by clay bridges in the necks that are
only a few clay grains thin (Fig. 7.6d).
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Figure 7.6.: BIB-SEM images of experimentally produced clay smear. a: BSE image of clay smear
sample consisting of quartz grains (Qz), kaolinite (Kln), some halite (Hl) of unknown origin, hardened with
cyanoacrylate (CA). Red boxes mark location of details b-d. b: In center of clay smear clay minerals are
well aligned. c: At boundary of clay smear foliation follows quartz grain surfaces. d: Sand grain on outer
boundary are held in place by only few clay grains.
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Figure 7.7.: Hole area fraction (HAF) analysis of two-layer Experiment 7. a: Front view of excavated top
layer. Brown colors derive from marker horizon underneath top layer and indicate very thin or breached clay
smear. b: Front view of excavated bottom layer. Blue colors derive from marker layer underneath bottom
layer and indicate very thin or breached clay smear. c: HAF analysis of top layer. Blue color indicates
very thin or breached clay smear (<1.25 wt-% clay). d: HAF analysis of bottom layer. Red color indicates
very thin or breached clay smear e: Overlay of both HAF maps, showing that only very little holes overlap
(indicated in green, see arrows).
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7.3.2. Image-based hole area fraction analysis
On front-view photographs (e.g. Fig. 7.3b) we perform image-based hole area fraction (HAF)
analyses, to quantify the surface area fractions that are highly permeable and area fractions that
consist of thicker clay smear with lower permeability. For this we adopt the workflow described by
Noorsalehi-Garakani et al. (2013). Blue colors on the photos show the blue sand from underneath
the clay smear, indicating holes or very thin clay smears. Noorsalehi-Garakani (2009) has shown
that clay fractions as low as 1.25 wt-% in the sand provide enough strength to withstand the
excavation procedure. However, these small clay volumes mixed in sand with up to 40% porosity
have no distinct effect on the permeability (cf. Fig. 7.6d). Therefore, these areas are treated as
holes for fluid flow the image-based HAF analyses (Fig. 7.3c). Based on this we segmented the
images into (1) holes (including sand with very low fractions of clay), (2) continuous clay smear
and (3) fault lenses, bounding walls, top of source clays. The resulting gray-scale maps (Fig. 7.3c
and Appendix 7.D, Fig. 7.D.4 -7.D.12) are then analyzed for area fractions using ImageJ software
(Abràmoff et al., 2004). Results of these analyses show a range between 1.1 and 14.1 % (cf. 7.1).
In two-layer experiments 7 and 8 we could carefully separate the individual clay smears of the
upper and lower clay layer. For these experiments both the upper and lower clay smear was studied
for HAF separately (Fig. 7.7a-d). Overlaying both HAF maps (Fig. 7.7e) shows, as expected (Childs
et al., 2007), that holes rarely develop at the same positions in both layers (green color shows
overlapping holes). We made the same observation for Experiment 8 (see Appendix 7.D Fig. 7.D.11
for HAF-maps and overlay). HAF of individual clay smears are comparable to other one-layer
experiments (1.7 - 10.8 %), but the area of overlapping holes is very small (<0.2 %).
7.4. Numerical flow simulations
Numerical flow simulations using calculations for continuous clay smears with constant thickness
were undertaken to better understand the flow measurements of this study. A series of simplified
and idealized fault geometries, including thinned, continuous clay layers with constant thickness and
sharply defined holes, were simulated to construct a series of reference curves for comparison with
the experiments. These results allow us to detect and interpret the deviations between measured
flux curves and idealized clay smears and are hence the basis of the structural interpretations made.
The numerical simulations also allow for running quick parameter studies to test the effect of clay
smear thickness or hole sizes, which require many more physical experiments to define. Finally,
simulations with more than one clay smear provide insights into the flow pattern inside the fault
zone.
In principle, accurate fault zone simulations require knowledge of the 3D geometry and permeability
variations of the clay smear in the fault zone (Fachri et al., 2011) and the change of the clay
permeability with deformation. In practice, however, simulations by Manzocchi et al. (2008, 1999)
and Manzocchi et al. (2010) help illustrate how the geometry of layered beds, their juxtaposition,
and the associated fault zone geometry (e.g., fault relays) exert a first-order control on cross-fault
flow. Given the fault complexities revealed by excavated experiments (Fig. 7.3) and microscopic
imaging of the clay deformed in the clay smear (Fig. 7.6), we constructed numerical simulations
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based on simplified sand/clay geometries in the fault zone. More complex effects, including capillary
flow effects, are considered subordinate to the geometric effects of the clay smear and adjacent
layers. Therefore, the aim of the numerical flow simulations is to (i) calculate the change in fluid
flux in our model geometry with increasing fault throw, assuming a planar clay smear with constant
thickness and increasing area, and (ii) to explore the effect of clay smear thickness variation for
a given fault area. These parametric studies are used to compare calculated flux with measured
values in the sandbox models. We use the Finite Element (FE) software FEFlow DHI-WASY (2012).
Model geometries are adapted from the actual dimensions of the deformation box, using measured
hydraulic conductivity values of the used clay and sand. We vary the clay thickness and introduce
holes of different sizes in the clay smear.
Figure 7.8: Typical setup of
a clay smear geometry and
hydraulic conductivities used
in FE Models. Source clay
layer is 1 cm thick with a hy-
draulic conductivity of Kfclay
= 4·10−8 m/s and sand has
Kfsand = 1·10−4 m/s. The
mesh is refined around the thin
clay smear to allow clay smear
thickness of 1 mm.
Sand: conductivity = 1*10-4 m/s 
1 cm
Clay: conductivity = 4*10-8 m/s 
7.4.1. Boundary conditions
The dimensions of the model reflect the experiment geometry: 50 x 60 cm at the base with a
predefined 60° dipping fault in the middle. The lower sand compartment (i.e. distance from
metal base plate to clay layer) is 15 cm thick with homogeneous permeability, followed by 1 cm
clay and covered by an additional 12 cm of sand. The clay smear is modeled as a planar layer
(Fig. 7.8), with dip and fault position based on constraints and results from previous experiments
(Noorsalehi-Garakani, 2015). The surface geometry of the upper sand layer represents the slope of
the sand surface which develops during faulting. The hydraulic conductivity was set to Kfsand =
1·10−4 m/s for the sand and Kfclay = 4 · 10−8 m/s for the clay respectively (see Sect. 7.2.2). This
assumes that the clay smear has the same permeability as the undeformed clay.
Flow is induced by a hydraulic head difference between top and bottom of the model, just like
the experiments. Hydraulic heads are assigned to nodes of the model mesh as boundary conditions.
A hydraulic head of 0.1 m is assigned to the surface nodes of the model (Fig. 7.9a). Hydraulic head
at the bottom is assigned in an area approximately corresponding to the actual outflow area in the
sandbox by assigning a value of h = 0.08 m (Fig. 7.9a), resulting in a hydraulic head difference
between top and bottom of dh = 2 cm. The flow rate is calculated in the elements at the base of
the footwall section (yellow area identified in Fig. 7.9b).
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Figure 7.9.: Boundary conditions and results of FE flow simulations. a: Hydraulic head difference is set up
between the indicated nodes at the top and bottom of the model. b: Outflow area used for flux calculations.
c-f: Examples of FE results with continuous clay smear thickness of 0.7 mm at 1, 4, 8 and 12 cm displacement.
Left is the models geometry and right the Darcy flux (red: high flux, purple: low flux)
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We calculate flux through an undeformed system (0 cm displacement) and compare the results to
measurements of all experiments in an undeformed state to validate the initial conditions (Tab. 7.1).
Measured values using the standard clay mixture (Kfclay = 4 ± 2 ·10−8 m/s) show normalized flux
values (Q/dh) of 0.16 - 0.33 cm2/min. The same experiment geometry used in numerical simulations
results in Q/dh = 0.45 cm2/min at Kfclay = 4 ·10−8 m/s, Q/dh = 0.3 cm2/min at Kfclay = 2 ·10−8
m/s and Q/dh = 0.13 cm2/min at Kfclay = 1 ·10−8 m/s. These calculations show that the model
flux values overlap the observed fluid flux within the uncertainty of the clay’s hydraulic conductivity
and layer thickness. This indicates that there is no significant leakage along the contact between
the walls and the clay, and the initial system is well constrained.
7.4.2. Estimating flux values for continuous clay smear
In a first series of simulations the displacement of the model is increased in 1 cm steps from 0 to 12
cm. For each increment of displacement, the thickness of the clay smear is then increased from 0 mm
to 1 mm in 0.1 mm increments, and from 1 - 5 mm in 0.5 mm increments. Clay smear thicknesses
are constant over the entire clay smear area. For each combination of displacement and clay smear
thickness we calculated the steady state flux. Darcy flow patterns (paths and velocities) are shown
in Figure 7.9c-f. Results show that for continuous clay smear thicknesses larger than 1 mm, an
increase of displacement causes only a minimal increase of flux (< factor 2x). However, thinner
clay smears cause a greater increase in flux, both with increasing displacement and decreasing
thickness (Fig. 7.10). This result leads us to the conclusion that while cross-fault flow increases
with displacement (i.e. clay smear volume), the more important factors are the clay smear geometry
and processes decreasing clay smear thickness.
Q
/d
h 
[c
m
2 /m
in
]
Clay Gouge Thickness [mm]
0
4
8
12
16
20
0 0.2 0.4 0.6 0.8 1
12 cm
10 cm
8 cm
6 cm
4 cm
2 cm
1 cm
N
or
m
al
iz
ed
 
ux
 
Displacement
Figure 7.10.: Calculated flux normalized by hydraulic head (Q/dh [cm2/min]) plotted against clay smear
thickness for 1, 2, 4, 6, 8, 10, 12 cm displacement. Largest changes occur for clay smear thicknesses below 0.2
mm, while the difference between 1 and 0.8 mm thickness is small.
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7.4.3. Estimating flux values for discontinuous clay smear
Heterogeneous distribution of clay smear thicknesses, especially introducing holes, results in higher
flux values compared to homogeneous clay smears of the same average thickness. We show the
magnitude of this effect in two simple 3-layer models consisting of a clay layer embedded in two 1 cm
thick sand layers. For the first model the clay layer has a constant thickness of 0.7 mm (Fig. 7.11a;
Noorsalehi-Garakani, 2015)), and in the second model the clay layer is subdivided in 8 regions of
varying thickness (0 - 1.9 mm thickness; Fig. 7.11c), mimicking a distribution of thicknesses similar
to the ones measured by Noorsalehi-Garakani (2015) in experiments or Kettermann et al. (2016a) in
outcrops. The resulting flux (Fig. 7.11b & d) differs by one order of magnitude (homogeneous clay
thickness: 0.05 cm3/min vs heterogeneous: 0.4 cm3/min). This result illustrates the importance of
clay smear thickness distribution and especially the presence of holes.
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Figure 7.11.: Comparison of calculated flux across a homogeneous 0.7 mm thin clay smear and a clay smear
with normal distributed thickness. a: Kf distributions of homogeneous clay layer displayed in map view.
b: Oblique view showing Darcy flux across homogeneous clay layer in sand. c: Normal distribution of clay
thicknesses in heterogeneous clay layer in map view. d: Oblique view showing Darcy flux across heterogeneous
clay layer in sand. Heterogeneous clay thickness causes flux one order of magnitude higher then homogeneous
clay layer.
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To quantify the effect of growing holes on flux we ran another simulation and introduced holes of
increasing size in an otherwise homogeneous clay smear of 0.7 mm thickness. The holes were created
in the center of the clay smear by assigning the hydraulic conductivity of sand to the respective
cells (Fig. 7.12). Hole sizes cover a range from 0.1 - 20 cm2. These simulations show that small
holes (<1 cm2) cause an exponential increase of flux, while increasing hole sizes above 1 cm2 result
in a more linear flux increase (Fig. 7.13).
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Figure 7.12.: Illustration of hole in FE models. a: Vertical section showing the geometry of source clay, clay
smear, hole in clay smear and the location of cross-section shown in b (white dashed line). b: Cross-section
cut along the clay smear showing the geometry of hole in the clay smear.
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Figure 7.13.: Calculated normalized flux (Q/dh [cm2/min]) plotted against hole size (cm2).
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7.5. Results of flow measurements
The fluid flux measurements are normalized by the hydraulic head difference (Q/dh [cm2/min])
between in- and outflow reservoir. This allows easier comparison between experiments. In the
initial experiments, we confirm that flux varied linearly with hydraulic head in our experimental
system when the flow geometry remained constant (length dimension and flow cross-sectional area).
Dashed lines (Fig. 7.14) show the flux for different continuous clay-smear thicknesses calculated with
FE-models (see Sect. 7.4.2). The resulting graphs show differing behavior for one- and two-layer
experiments. In Figure 7.14a the flux of all one–layer experiments is plotted against throw/layer
thickness to account for different clay thicknesses. Figure 7.14b shows the same results of the
two-layer experiments. In both diagrams, we also plotted results from finite element (FE) flow
calculations modeling clay smears with continuous thicknesses (0.1, 0.05, 0.01 and 0 mm clay smear
thickness) with the intent to highlight deviations of the measured fluxes from continuous thickness
clay smears.
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Figure 7.14.: Flux vs Throw/Thickness diagrams including lines for continuously thick clay smears from
FE calculations (dashed lines). a: One-layer experiments. Note that Experiment 3 was dominantly formed in
precursor domain and Experiment 6 has 3 cm thick source layer. b: Two-layer experiments. Experiment 8
formed in precursor domain.
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The general trend shows an increase in flow (i.e. hydraulic conductivity) with increasing fault
offset. This trend even occurs in an experiment with only sand (no clay layer), where an 10%
increase of flux results from the geometric change of bringing the hanging wall sediment-water
interface closer to the footwall ‘basement’ surface where the downstream flow boundary condition is
defined. We investigate deviation of flow from that in a clay-free system in order to evaluate how
changes in fault structure affect cross-fault flow.
The one-layer experiments (Fig. 7.14a) show a sudden, strong increase of flux at Throw/Thickness
(T/t) of 1 - 1.5 where the fault has offset the clay layer by its initial thickness (except Experiment
6). For greater offsets up to T/t ~2 - 2.5 flux increases with a slope comparable to the clay-free flow
simulation. With further offset, the slopes of the curves flatten and approach those calculated for
flux through continuous 0.05 - 0.1 mm-thick clay layers. Experiment 3 deviates from this evolution;
its flow is characterized by a linear flux increase and low total flux values, similar to flow across
a continuous, evolving clay layer in the fault. The fault zone in this experiment, unlike the other
experiments, formed mostly in the precursor domain with only a very small graben (i.e. all fault
strands are synthetic to the main fault, and antithetic faults are absent). In this experiment clay
smear shows structures typical for shear failure (Noorsalehi-Garakani, 2015). Experiment 6 had a 30
mm thick clay layer, and experienced a distinct increase in flux before the clay layer was completely
offset, consistent with an initial formation of tensile fractures.
Two-layer experiments show a more linear flux increase that the one-layer experiments with flux
evolution similar to flow across continuous clay layers. In Experiments 7 and 9 the onset of flux
increase occurs at T/t = 0.5 when each individual clay layer (5 mm) becomes offset from itself. In
these cases, flux at small T/t values is higher than in one-layer experiments, while at T/t > 1.5
one-layer experiments show higher flow rates. In the two-layered Experiment 8 (Fig. 7.14b), a slow
flux increase starting at T/t = 1.5 was measured, and later fault excavation revealed a series of
synthetic fault segments compatible with the precursor fault domain, just as in Experiment 3 (single
clay layer). Minor antithetic faults developed in Experiment 8, but the antithetic faults had no
effect on flow. Maximum flux values for the two-layer experiments are much smaller (4 - 6 cm2/min)
than those of the one-layer experiments, and are compatible with flow across an evolving composite,
continuous clay layer.
Many experiments with both one- and two-layers show a final stage where flux (and hydraulic
conductivity) remains constant with increasing offset, or at least the increase in flux drops below the
increase modeled for a continuous clay layer. Experiments 5 and 7, for example, show a decrease of
flux with increasing fault throw at T/t = 8, and in Experiment 3 the transition occurs at T/t = 9.
7.6. Interpretation
7.6.1. Early hybrid failure
The faulted clay layers in our experiments show both ductile shearing and extension fracturing
of the clay in a similar fashion as observed by Kettermann and Urai (2015) (hybrid deformation).
We hypothesize that the formation of antithetic faults in our experiments (as compared to earlier
experiments in the precursor domain) decreased the least principal stress σ3 to negative values in
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the clay (i.e. hanging wall displacement causes footwall unloading). Existing finite element (FE)
models of similar geometries Kleine Vennekate (2013) and Nollet et al. (2012) suggest that stress
magnitude and orientation are different in the graben and precursor domains. We hypothesize that
these differences are responsible for the different outcomes between precursor and graben domain.
However, the quantitative details of these differences and how they affect the resulting deformation
are yet to be revealed in detail. Shear and tensile failure alternate both horizontally and vertically
along the faulted clay similar to the experiments of Kettermann and Urai (2015). This produces an
undulating trace of the footwall cutoff in map view (Fig. 7.4). Sections that fail in shear are curved
concave towards the footwall with a lower dip, while parts that failed in extension show vertical
to overturned dips and the faults trace protrudes towards the hanging wall (Fig. 7.4a). Side view
observations of earlier experiments show the evolution of this hybrid failure of clay in 2D in graben
domain experiments (Noorsalehi-Garakani, 2015). Based on these earlier 2D observations and the
early rapid increase of flux in our measurements we propose a formation of dilatant fractures in the
clay layer during incipient faulting, approximately when the throw is equal to or slightly exceeds
the source layer thickness. These fractures provide easy fluid pathways across a fault that would be
expected to be strongly baﬄing (or sealing in a two-phase system) by all algorithms for clay smear
prediction (SGR ~1, SSF ~1).
With further displacement, clay fragments broken off of the source layer become deformed by
shear in the fault zone, increasing their area fraction within the fault zone (Fig. 7.5b). Abrasion
and plastic flow can re-seal the early formed holes when a steep dipping fault segment forms at later
stages of fault evolution and ‘clay noses’ as described in Section 7.3.1 form. Continuing deformation
can then drag the clay noses over the previously formed hole and partially or completely reseal it.
These observations show the importance of clay mechanics when estimating clay smear sealing
properties. Vrolijk et al. (2016) summarize structures that can be expected in clay smear for
different sand and clay strengths (their Fig. 27). Our experiments use clay that is stronger than the
unconsolidated sand, with the result that clay fails in extension while the sand fails in shear. In some
of our experiments where no holes formed (i.e. continuous ductile clay shear), the relative effective
strengths of sand and clay are similar. Because the same materials were used in all experiments,
this difference in behavior results from differences in stress state and the response of the materials
to those different stress states. Whereas this insight suggests a complex deformation system, it also
offers promise that these principles could be applied across a large range of stresses and material
properties if the material response to different stress states were known.
7.6.2. Bulk flux vs. structural elements
Observing the development of the fault zone in top view and excavating the clay smear after
deformation gives us the opportunity to combine structural observations with flux measurements to
estimate the effect of the structural evolution on cross-fault flux. As pointed out in Section 7.4 there
is a general trend of increasing flux even in experiments without a clay layer. This trend is related
to the changing geometry of the faulted sediments. With increasing displacement, the minimal path
length through the sand-clay body towards the outflow area decreases, while at the same time, the
increasing area of clay smear available for cross-fault flow increases. These two processes lead to
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increased flow rates. However, results of the flow measurements show strong deviations from this
trend and in the following we discuss the relation between flux changes and the development of
common structural elements in the fault.
In most experiments we observe a sharp increase in flux at T/t of about 1.5 (throw = 1.5 x source
clay thickness). As strain starts to localize, open fractures form in the clay and allow enough cross
fault flow to affect the flux measurements. With further displacement, we infer back-stepping of
active fault strands towards shallower dips into the footwall. This causes a short-term leveling off of
the flux, which ends when the throw at the individual fault strands again exceeds T/t ~1.5.
With increasing displacement, we observe a general flattening of the flux curves, sometimes even
an absolute reduction of flux as in Experiment 5 or 7. This is interpreted to be caused by reworking
of clay fragments that were earlier transported into the fault in a dilatant fashion and later upon
shearing cover progressively more of the fault area. Undulating fault strands can even cause a local
doubling of clay smears as shown in Figure 7.5c. We schematically summarize the effects of observed
structural elements on flux evolution in Figure 7.15.
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Figure 7.15.: Initial brittle breaching of the clay smear is followed by phases of fault back-stepping, shearing,
hole formation and reworking of clay in the fault. Sketches are provided to illustrate structural evolution.
7.6.3. Flux normalized by simulation data
To further illuminate the evolution of clay smear permeability evolution we normalize the measured
flux values with respect to flux values of a homogeneous 0.7 mm thick clay smear (i.e. idealized
clay smear) derived from numerical simulations. The normalized flux data are plotted against
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Throw/Thickness in Figure 7.16a. In this graph, a horizontal line reflects formation of a homogeneous
0.7 mm thin clay smear. Increasing Q*/Qsim indicates formation of thinner clay smears or holes,
while decreasing Q*/Qsim indicates a thickening of the clay smear (Fig. 7.16b). All experiments
except 5 and 8 show a greater flux than the reference model from the beginning, fitting well to
our interpretation of early dilatant fractures. Experiments 4, 7 and 9 reach a phase of constant
Q*/Qsim, which we interpret as a steady increase of clay smear-covered fault area with increasing
displacement and a constant average clay smear thickness. Experiments 1 and 2 show decreasing
normalized flux values for T/t > 6, which indicates a phase of intense reworking of clay fragments
in the fault (then covering a larger area on the fault plane) and possibly a resealing of holes.
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7.6.4. Flux vs. hole area fraction
In Figure 7.17 we plot the normalized measured flux against hole area fraction at maximum
displacement for all experiments, including the flux data of the numerical flow simulations (black
line; cf. Sect. 7.4.3). While we acknowledge that maximum displacement varies throughout the
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experiment series, maximum flux is predominantly controlled by the fraction of holes in the smear
and we therefore see a value in comparing the experiments. The graph shows, as expected, that
with increasing hole area fraction (HAF) the flux increases as well. Moreover, the data points are
close to the reference line from FE simulations.
However, numerical simulation of flux for a clay thickness of 0.7 mm results in values about 4
cm2/min below the measured values. We interpret this discrepancy to result from large areas of clay
smear around the holes that are thinner than the 0.7 mm clay smear we used in the simulations. As
shown in Fig. 7.10, a heterogeneous distribution of clay smear thicknesses produces much higher
flux than a homogeneous clay smear of the same average thickness. This may also account for the
high flux values at almost 0% holes in Experiments 7 and 8. In future experiments, we plan to
measure the thickness distribution of the final clay smear, to allow accurate comparison of measured
and simulated flow.
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Figure 7.17.: Diagram plotting hole area fractions of all excavated clay smears vs the flux at maximum
displacement. Note that maximum displacement varies (cf. Tab. 7.1). Calculated data from Figure 7.13 are
plotted as reference (black line) and interpolated to larger hole sizes (dashed line). Calculated fluxes are
smaller than measured fluxes, due to the use of a constant clay smear thickness in calculations (cf. Fig. 7.12).
Same hole area fractions at a thinner average clay smear thickness are estimated to initially cause higher
fluxes but converge at higher hole area fractions where holes dominate the flux (dashed line).
7.6.5. Effect of two clay layers
Two-layer experiments show an earlier onset of flux increase than one-layer experiments. This
is due to the thinner clay layers which allow fault separation of the clay layer at smaller fault
offsets. However, with increasing offset we observe distinctly slower increases of flux towards smaller
absolute flux values at maximum displacement compared with one-layer experiments with the same
bulk clay volume.
HAF-maps (Fig. 7.7 and Appendix Fig. 7.D.10 and 7.D.11) show that HAFs for individual layers
have comparable range to those of one-layer experiments. Overlays of HAF-maps from the top and
bottom layer however, show minimal overlap of holes in both layers (« 1%). As a result, water flow
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through the fault zone must follow a tortuous path through heterogeneously distributed sand layers
sandwiched between clay layers in the fault zone. The longer path through sand has a buffering
effect on flux evolution; while the HAF of the individual clay smears would allow a much higher
flux, the tortuosity causes a relative reduction of flux and hence the a more linear flux curve that
we observe. In the HAF-vs-Q plot (Fig. 7.17) for Experiments 7 and 8 we plotted the smaller HAF
of the respective individual clay smear layer and the HAF of the corresponding overlays (marked by
connecting lines). The effective HAFs of these two–layer experiments are expected to be somewhere
in between these two, but cannot be constrained further.
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Figure 7.18.: 2D FE model calculating flux in a two-layer setup where holes are either aligned in both
layers (a, b, c), or far away (d, e, f). a & d: Model geometry. b & e: Hydraulic head distribution. c & f:
Darcy flux in the model (note different color key). Flux with not aligned holes is smaller by a factor of > 3.
Experiment 9, where we were unable to separate the individual clay layers for post-deformation
analysis, has a HAF more than 1% smaller than the one-layer experiments. The flux evolution
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of Experiment 9 is comparable to the other two-layer experiments, but the flux at maximum
displacement is slightly higher. This corresponds to the higher HAF.
A simple 2D numerical flow simulation using the material properties and boundary conditions
described in Section 7.4.1 illustrates the effect of different positions of holes in two parallel clay
smears. Figure 7.18a and b show two geometries where two holes are either located opposite one
another or far away, respectively. Hydraulic head distributions (Fig. 7.18b & e) show that opposing
holes act like one hole (cf. Sect. 7.4.3). In the case where holes are far away from each other, the
hydraulic head drops across the clay rather than showing a gradual distribution in the sand (cf.
continuous clay smears in Sect. 7.4.2). As the water must flow through a thin tube filled with sand,
the resulting bulk flux is about 5 times lower than when holes are aligned, but the flux inside this
‘tube’ is high (Fig. 7.18f). Keeping in mind that this is a 2D simulation of a 3-dimensional problem,
thereby failing to account for 3D flow effects, and that the holes are offset to an extreme extent in
this simulation. It is nevertheless evident that the position of holes in multilayered clay smears has
a significant impact on cross-fault flux.
7.7. Discussion
Our sandbox experiments simulate the natural development of normal fault systems in layered
sedimentary sequences, and are less affected by geometric boundary conditions imposed by other
experimental systems. The resulting fault structures bear many resemblances to faults in nature
and provide a clearer understanding of the interaction of processes that create those structures.
With that understanding comes a deeper appreciation of fault process and localization phenomena
in the sedimentary crust, and the opportunity to advance predictive models of how fault structures
affect fluid flow in the subsurface.
7.7.1. Comparison to other experimental studies
We studied the structural and permeability evolution of a fault with clay smear in a sandbox in which
clay layers are embedded within cohesionless sand, and where initial brittle/ductile clay deformation
is followed by shear reworking of the clay entrained in the fault zone (Noorsalehi-Garakani, 2015;
Schmatz et al., 2010b). Faults develop and evolve as a result of the mechanical properties of the
deformed layered sediments and the stress state imposed by the faulted rigid basement boundary
condition. Our experiments advance beyond those undertaken by Schmatz et al. (2010b) and
Noorsalehi-Garakani (2015) through the use of in situ flow experiment performed in the sandbox
at multiple fault increments that further elucidate different components of the fault evolutionary
history. A primary observation from these experiments is that clay is breached by fracturing at
small displacements and allows a cross-fault flux almost as great as if no clay were present.
A similar relation between clay failure and flux response is described in the direct-shear experiments
of Giger et al. (2013) for over-consolidated and cemented clays, but in our experiments clays are
normally consolidated. They find a positive relation between stress and clay gouge continuity,
corroborating the findings of Sperrevik et al. (2000) and Cuisiat and Skurtveit (2010) that lower
Brittleness Index of the deformed clay (Ingram and Urai, 1999) leads to greater continuity when the
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clay fails in shear. Results from flow tests with deforming pre-cut siltstones in a triaxial apparatus
(Takahashi, 2003) show the typical cataclastic behavior upon shear failure. Whereas these previous
studies define an initial phase of compaction with flow reduction, followed by an early faulting stage
of no flux increase (up to SSF = 2), transitioning to a slow flux increase and finally a breaching
of the clay smear, we found significant fluxes at small fault offsets. Takahashi (2003) shows a
relationship between effective normal stress and cross-fault permeability, where higher compression
causes smaller permeability, but these experiments are based on sand and silt lithologies that
undergo cataclasis.
Our experiments are limited by design to small overburden stress and hence the use of unlithified
materials. Although cataclasis is an additional permeability-reducing process (e.g. Fossen and
Bale, 2007), the flow-reduction effects are well established and have little impact on the larger
fault geometry processes explored in our experiments. Giger et al. (2013) show a reduction of flux
with higher offsets in direct shear clay smear experiments, which is caused by cataclasis, but this
experimental design restricts the fault evolutionary processes such as explored in our experiments.
Cross-fault flow reduction measured in our experiments is interpreted to result from reworking of
clay fragments in the fault core, a process described by Schmatz et al. (2010b) in similar sandbox
experiments and Holland et al. (2006) from outcrop studies on fault gouge with overconsolidated
claystones.
In contrast to all other experiments measuring flow across clay smears, our design allows a
relatively free development of the fault geometry above the rigid basement fault. This allows us to
investigate the impact of the full set of common structural elements of fault systems, including fault
relays, fault segments, fault lenses and antithetic fault strands on the aggregate permeability of the
fault system. Consequently, the results of the presented experiments apply directly to low stress
settings, for instance in shallower reservoirs or aquifers up to several hundred meters of depth, but
can also provide insights into processes at greater depth where the effects of cataclasis are minimal
or can be treated independently.
Potential future enhancements of our experiments include (i) a higher permeability contrast
between sand and clay to better detect holes from flow measurements; (ii) the use of weaker and
stronger clays to change the failure mode; (iii) variations of the structural domain (iv) the use of a
dense network of pressure sensors in the footwall to detect changes in hydraulic head due to different
clay smear thicknesses, effectively mapping out the position of holes as they form and develop.
7.7.2. Application to outcrop and subsurface studies
Continuing research on outcrops and faults in nature reveal the complexity of fault zones associated
with clay smear, and in particular the recognition and identification of holes in clay smear have
become more common Bense et al. (e.g. 2003), Childs et al. (2007), and van der Zee and Urai
(2005). However, an implicit assumption for traditional clay smear models is that they taper (e.g.
Bouvier et al., 1989) or become progressively diluted in the fault gouge (e.g. Yielding et al., 1997)
with increasing offset from the clay source bed. On the contrary, fault segmentation combined with
migration and widening of the fault core causes a more irregular evolution of clay smear thickness
(cf. Gudehus and Karcher, 2007), including periods where clay smear thickness increases. We also
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observe that holes in the clay smear form in conjunction with fault relays and lenses that are often
located close to the source layer cutoffs, an observation that corroborates the findings of Kettermann
et al. (2016a). This observation contradicts previous assumptions that holes form midway between
foot- and hanging wall cutoffs (e.g. Bouvier et al., 1989), or that clay smears can be disrupted at
any position of the fault (Childs et al., 2007).
In our experiments, the normally consolidated clay deformed in the graben domain allowed
brittle/ductile deformation (hybrid failure). The combination of these processes resulted in small
hole area fractions, and it is reasonable to conclude that most outcrop studies that are based on 2D
outcrop exposures would have a low probability of discovering holes. In some instances holes have
been described (Bense et al., 2003; Bouvier et al., 1989; Doughty, 2003; Faerseth, 2006; Kettermann
et al., 2016a), but the authors have struggled to identify the causes of the holes. We suggest that a
more fruitful approach in outcrop studies may be to search for and document evidence of any brittle
deformation of claystones (shales), and if found, postulates that holes are likely to have formed at
some stage of the fault evolution.
Experiments with two clay layers show similar structures to those described by Childs et al. (2007)
in outcrops of the Taranaki Formation where holes in parallel clay smears rarely form at the same
position on the fault plane. Although Childs et al. (2007) failed to find evidence for connected
pathways between amalgamated clay smear layers, flow tests in experiments with amalgamated clay
smears suggest that permeable pathways may persist. Increased tortuosity between holes further
reduces fluid flux across the fault, but this flux is still greater than that across a thin clay smear.
Sand smears separating two or more parallel clay smears in a single fault are described by several
authors (Bastesen et al., 2013; Bense et al., 2013; Kettermann et al., 2016a; Kristensen et al., 2013;
Loveless et al., 2011), but confident observation of permeable connectivity across the fault is difficult
in a field setting.
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with results of Manzocchi et al. (1999) and Jolley et al. (2007).
Plotting normalized flux data vs. SGR (source clay thickness / throw) in a semi-log diagram
(Fig. 7.19) reveals a near-linear relationship, which qualitatively compare well with permeability vs.
SGR plots presented by Manzocchi et al. (1999) and Jolley et al. (2007). However, the slopes for
our experiments are shallower because the hydraulic conductivity of sand is only 1000x greater than
clay in our experiments, whereas the conductivity difference upon which the existing, published
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empirical relationships are based is at least 10,000x greater. Most importantly, we detect fluid flux
even at SGR = 1, the result of holes forming early in the fault history during hybrid brittle/ductile
deformation.
7.7.3. Application
We have shown how a small brittle component in an otherwise large ductile strain can create a
complex fault structure and lead to a disproportionate effect on cross-fault flow. How common are
these phenomena in nature, and have they been overlooked?
The first step is to continue a concerted effort to identify and recognize holes in outcrops and
relate them to the surrounding fault structures. In addition, identifying and documenting structures
compatible with brittle or hybrid deformation, such as (1) a fault geometry that breaks back into
the footwall, (2) identification of fracture angles intermediate between extensional and shear fracture
angles, (3) recognition of high fracture angles persisting in an otherwise ductile deformation, or
(4) existence of antithetic faults that may reflect deformation in the graben domain where hybrid
deformation is common (Kettermann and Urai, 2015). Through a more systematic documentation
of these structures in nature will come a better understanding of whether hybrid deformation that
leads to holes is common in nature.
Another approach to assess the frequency of hybrid deformation in the sedimentary crust is
through the application of published methods to estimate clay strength and brittleness (Meng
et al., 2016). In general, uplift and diagenetic cementation lead to higher compressive strength in
comparison with the in-situ mean stress. Ingram and Urai (1999) proposed a Brittleness Index
by estimating unconfined compressive strength (UCS) acoustic wave velocities and drill cuttings
(Ishii et al., 2011). Further methods based on seismic or well log data are provided in Zoback
(2007), including estimations of effective differential stress at depth (σ′d). Assuming a Griffith type
of fracturing allows an estimate of the clay’s tensile strength (T0) to about half the cohesion. The
Griffith theory then states that the clay smear forms in hybrid mode when 4T0 < σ′d <5.666T0.
This is admittedly a narrow range of differential stresses allowing hybrid failure, but nonetheless a
state that must occur in nature. The sensitivity of these methods for identifying hybrid deformation
behavior is untested, and the ability to constrain stress and material property conditions during
faulting, especially when deformation occurred in the past, presents significant challenges.
The incorporation of hybrid deformation in the formation of clay smear affects interpretations of
single-phase and multi-phase fluid flow. In single-phase (i.e. water only) systems, the effects of fault
gouge, including clay smear, on cross-fault flow may remain uncertain. Improved prediction awaits
better definition of how common brittle or hybrid deformation is in crustal clay smear processes
and whether those conditions can be correctly identified in nature. In our experiments, the fault
permeability increases most during early phases of faulting where the fault evolution is dominated
by back-stepping of fault segments and subsequent fracturing of the clay. For larger fault offsets
(T/t), the permeability increases reflect flow across a clay smear distributed over a larger fault area,
but in some cases early created holes begin to narrow and close as evidenced by a reduction in flux
with increasing fault offset. The next step is to develop strategies for addressing these issues in
studies of shallow groundwater aquifers or the drainage of groundwater at major construction sites
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and open cast mines.
The impact of brittle or hybrid clay smear deformation in multi-phase fluid flow problems (Urai
et al., 2008) is simpler than that of single-phase flow; recognition of brittle or hybrid clay smear
deformation reduces the chance that a continuous capillary membrane exists in a fault zone. In
light of such deformation, the creation of holes is likely, and the resulting holes will allow any
non-wetting fluid to overcome the capillary forces in the hole that resist entry of that fluid. Our
experiments suggest that a continuous capillary membrane is breached when T/t exceeds about
1.5, as holes form early in the fault evolution. The experiments also suggest that the relative
permeability of the composite fault network in multiphase systems remains constant (order of
magnitude) for displacements larger than T/t ~3, at which point reworking and shearing of clay
fragments controls the clay volume in the fault and the continuing processes cause no further hole
creation or enlargement. Additional fault processes, such as the development of Riedel shears,
may contribute to further hole development but never formed in our experiments. Moreover, our
experiments suggest that holes develop frequently at the footwall cutoff of the clay bed, and these
insights into hole distribution may also be useful in cross-fault flow studies.
7.8. Conclusions
We present a series of water-saturated sandbox experiments that allow measurement of the perme-
ability of a clay-smeared fault with increasing displacement. We combine experimental flow results
with numerical flow simulations to gain additional insight into the flow pattern in the sandbox and
to help identify the development of characteristic fault structures based on their flow signature.
Faults that develop in the graben domain with low fault-normal stress favor the development of
discontinuous clay smear as reflected by high cross-fault fluid flux. Measurements of fluid flow across
the sediment body before deformation agree well with numerical simulations using independently
measured hydraulic conductivities of the sand and clay (1·10−4 and 4·10−8 m/s, respectively).
Clay smear development typically shows that after initial hybrid failure and the formation of
open fractures in the clay, the fault zone evolves by shearing of the clay and resealing of the initial
open fractures. At higher fault throw, holes form in the clay smear, covering up to 14% of the
fault surface. We observed that holes preferably form beneath extensional parts of the footwall
cutoff. These can be identified in map-view as the fault curves towards the hanging wall. Clay
fragments within the fault can form ‘clay noses’ when sheared further and have the potential to
reseal a breached clay smear. The average thickness of the clay smear, however, remains the same
during faulting due to addition of new clay by lateral migration of the fault and an increasing fault
zone width. This structural evolution corresponds to diagnostic changes in the fluid flux and is in
agreement with numerical simulations. This allows for predicting the clay smear geometry and hole
fraction in the experiments from measured flow response or vice versa. In experiments with two
clay layers instead of one but with the same total clay thickness, fault permeability is consistently
lower than in one-layer experiments, caused by offset holes on the two clay layers and the therefore
increasing tortuosity.
Recognition of the importance of a brittle deformation component in an otherwise ductile
deformation, especially arising out of a hybrid deformation mode, is a significant insight into clay
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smear processes. How ubiquitous these phenomena are in nature is important for refining fault
localization models and their associated impact on cross-fault flow studies.
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Appendix 7.A Experiment protocol
Measurements in porous media are sensitive to air bubbles, which can increase the entry pressure
and hinder fluid flow. It is therefore important to de-aerate the entire tubing and outflow filter
before filling in the sand. The sand itself is slowly sieved into a 2-3 cm thick water column, so
that air bubbles can escape during settling. Additionally, the sieved in sand is carefully stirred
occasionally to allow even the remaining air to escape. The clay mixture is prepared with a mixing
machine, which after initial mixing of the kaolinite powder and water is set to a low speed setting
for 30 minutes, during which bubbles are transported to the surface and escape.
The experiments follow a strict protocol ensuring constant fluid pressure conditions during
deformation and flow measurement (summarized in Fig. 7.2):
1. Connect the upper and lower sand compartment during filling of the box, wait for pressure
transients in the clay layer to dissipate after filling. This is monitored by the pressure gauge
in the lower sand compartment and can take up to 1 hour.
2. Establish a hydraulic head difference of 2 cm between the compensation reservoir and the
outflow reservoir, to measure the initial permeability of the unfaulted clay layer.
3. Connect the upper and lower sand compartment to the upper compensation reservoir and
wait for the hydraulic head in the two compartments to equilibrate to hydrostatic conditions.
This is monitored by the pressure gauge in the lower sand compartment.
4. Move the basement fault with 0.02 mm/min for 5-10 mm and stop the movement.
5. Disconnect the lower sand compartment from the compensation reservoir and connect it to a
smaller outflow reservoir (1.5 cm diameter).
6. Establish a hydraulic head difference of 2 cm between the compensation reservoir and the
outflow reservoir.
7. Measure the outflow water volume with a digital scale over time, checking that flow rate is
steady and transients are over. Flow rate is recorded as g/s after reaching steady state flow.
8. Go to 3. Repeat this up to 10 times, collecting 10 measurements of the fault permeability
with increasing fault throw.
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Appendix 7.B Sandbox design
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Figure 7.B.1.: Construction plan of the sandbox designed in cooperation with the Chair of Geotechnical
Engineering of the RWTH Aachen University.
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Figure 7.B.2.: Photos of the sandbox
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7.C. – Permeability of sand-clay mixtures
Appendix 7.C Permeability of sand-clay mixtures
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Figure 7.C.3.: Hydraulic conductivity data measured for different mixtures of kaolinite, water and sand.
For details see Section 7.2.2 of the manuscript.
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Appendix 7.D Photos and HAF maps
background continuous smear holes
a
b
relay-surfaces
Figure 7.D.4.: Excavated clay smear surface (a) and HAF map (b) of Experiment 1.
background continuous smear holesrelay-surfaces
a
b
Figure 7.D.5.: Excavated clay smear surface (a) and HAF map (b) of Experiment 2.
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background continuous smear holesrelay-surfaces
a
b
Figure 7.D.6.: Excavated clay smear surface (a) and HAF map (b) of Experiment 3.
a
b
background & relay-surfaces continuous smear holes breakout due to excavation process
Figure 7.D.7.: Excavated clay smear surface (a) and HAF map (b) of Experiment 4.
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a
b
background & relay-surfaces continuous smear holes
Figure 7.D.8.: Excavated clay smear surface (a) and HAF map (b) of Experiment 5.
a
b
background & relay-surfaces continuous smear holes
Figure 7.D.9.: Excavated clay smear surface (a) and HAF map (b) of Experiment 6.
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Overlay of both
Figure 7.D.10.: Excavated clay smear surfaces for top (a) and bottom (b) clay layer of Experiment 7. c:
HAF map of the top layer, d: HAF map of the bottom layer. E: Overlay of both HAF maps showing aligned
holes in green.
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a
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Overlay of both
Holes in Top Layer Holes in Bottom Layer Overlapping Holes
Figure 7.D.11.: Excavated clay smear surfaces for top (a) and bottom (b) clay layer of Experiment 8. c:
HAF map of the top layer, d: HAF map of the bottom layer. E: Overlay of both HAF maps showing aligned
holes in green.
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a
b
background & relay-surfaces continuous smear holes
Figure 7.D.12.: Excavated clay smear surface (a) and HAF map (b) of Experiment 9.
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8. Mechanisms of clay smear formation in
unconsolidated sediments - insights from 3D
observations of excavated normal faults
This chapter was published as a peer-reviewed article:
Kettermann, M., Thronberens, S., Juarez, O., Urai, J. L., Ziegler, M., Asmus, S., and Krüger,
U., 2016. Mechanisms of clay smear formation in unconsolidated sediments - insights from 3D
observations of excavated normal faults. Solid Earth Discussions, 1–45, DOI: 10.5194/se-2016-7,
http://www.solid-earth-discuss.net/se-2016-7/ A first version of the 3D clay smear thickness map
(Fig. 8.9) was created by Sebastian Thronberens in his MSc Thesis under my supervision.
Abstract
Clay smears in normal faults can form seals for hydrocarbons and groundwater, and their prediction
in the subsurface is an important problem in applied and basic geoscience. However, neither their
complex 3-D structure, nor their processes of formation or destruction are well understood, and
outcrop studies to date are mainly 2-D. We present a 3-D study of an excavated normal fault with
clay smear, together with both source layers, in unlithified sand and clay of the Hambach open-cast
lignite mine in Germany. The faults formed at a depth of 150 m2, and have shale gouge ratios
between 0.1 and 0.3. The fault zones are layered, with sheared sand, sheared clay and tectonically
mixed sand–clay gouge. The thickness of clay smears in two excavated fault zones of 1.8 and 3.8 m2
is approximately log-normal, with values between 5 mm and 5 cm, without holes. The 3-D thickness
distribution is heterogeneous. We show that clay smears are strongly affected by R and R’ shears,
mostly at the footwall side. These shears can locally cross and offset clay smears, forming holes in
the clay smear, while thinning of the clay smear by shearing in the fault core is less important. The
thinnest parts of the clay smears are often located close to source layer cut-offs. Locally, the clay
smear consists of overlapping patches of sheared clay, separated by sheared sand. More commonly,
it is one amalgamated zone of sheared sand and clay. A microscopic study of fault-zone samples
shows that grain-scale mixing can lead to thickening of the low permeability smears, which may
lead to resealing of holes.
181
8. Mechanisms of clay smear formation in unconsolidated sediments
Contents
8.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
8.2. Geological framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
8.3. Field observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
8.3.1. Excavated surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
8.3.2. Vertical sections (profile view) . . . . . . . . . . . . . . . . . . . . . . . 190
8.3.3. Clay smear thickness distribution . . . . . . . . . . . . . . . . . . . . . 195
8.4. Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
8.5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
8.5.1. Origin of stair-stepping geometries in clay smear . . . . . . . . . . . . . 200
8.5.2. Evolution of layered clay smear . . . . . . . . . . . . . . . . . . . . . . 206
8.5.3. Continuous clay smear from discontinuous source layers . . . . . . . . . . 207
8.5.4. Grain-scale mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
8.5.5. Clay smear termination . . . . . . . . . . . . . . . . . . . . . . . . . . 210
8.5.6. Upscaling to larger faults . . . . . . . . . . . . . . . . . . . . . . . . . 211
8.6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
Appendix 8.A. Workflow to determine clay smear thickness from cross sec-
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
Appendix 8.B. Mixing simulation . . . . . . . . . . . . . . . . . . . . . . . . 219
Appendix 8.C. Digital supplement . . . . . . . . . . . . . . . . . . . . . . . . 221
182
8.1. Introduction
8.1. Introduction
Clay smears in normal faults are a common feature in layered sediments. Clay smear (depending on
the state of lithification also known as shale smear or gouge) is entrained along a fault from source
beds (Lehner and Pilaar, 1997; Lindsay et al., 1992; van der Zee and Urai, 2005; Vrolijk et al., 2016;
Weber et al., 1978; Yielding et al., 1997). This paper deals with unlithified clays and sand; therefore
the term clay smear will be used in this work. As clay has a much lower permeability compared to
the surrounding sands, clay smears can act as a seal or baﬄe to fluid flow, especially in a 2-phase
system where a thin clay veneer can hold a large column of hydrocarbons (Smith, 1966; Urai et al.,
2008).
The prediction of the sealing potential of a clay smear is mostly based on simple geometrical
considerations of the clay content in source beds and the fault throw (e.g. Bouvier et al., 1989;
Childs et al., 2007; Fulljames et al., 1997; Lindsay et al., 1992; Yielding et al., 1997). The most
common algorithm is the shale gouge ratio (SGR, Yielding et al., 1997), which uses an average
of the clay-bearing layer thickness and clay content as well as the throw. Typical values of SGR
at which the clay smear is thought to be discontinuous are around 0.2 (e.g. Childs et al., 2009;
Yielding et al., 1997). A comprehensive summary of clay smear algorithms is given in Freeman et al.
(2010). As has been discussed in Vrolijk et al. (2016) these algorithms are based on geometrical
considerations, and do not include variations in sedimentary architecture, complex fault structures
or geomechanics. Therefore there is scope for their improvement.
Direct observation of the processes of clay smearing is provided by analogue modelling, numerical
modelling and outcrop studies, all of which are subject to certain limitations. Analogue models
(ring shear, direct shear, underwater sandbox) provide direct insight into processes and resulting
structures and even allow fluid flow measurements on decimetre scales. On the other hand, they
are subject to limitations in materials and boundary conditions (Çiftçi et al., 2013; Clausen and
Gabrielsen, 2002; Clausen et al., 2003; Cuisiat and Skurtveit, 2010; Giger et al., 2011; Giger et al.,
2013; Karakouzian and Hudyma, 2002; Noorsalehi-Garakani et al., 2013; Schmatz et al., 2010a,b;
Sperrevik et al., 2000).
Numerical studies using discrete element models (DEM, Egholm et al., 2008) or finite element
method (FEM, Gudehus and Karcher, 2007; Kleine Vennekate, 2013; Nollet et al., 2012; van der Zee
et al., 2003) are limited to 2-D and have limitations due to grain-size and particle numbers (DEM)
or the disability to rupture the clay (FEM). However, DEM models show grain-scale mixing and
abrasion processes as important factors in clay smear evolution and allow for easy parameter studies.
A number of outcrop studies provide information about clay smear in different lithologies and
scales. Lindsay et al. (1992) defined three types of clay smear characterized by the main driving
process: (i) shear type, (ii) abrasion type, (iii) injection type, based on observations in an active
quarry (Round O’Quarry, UK).
Weber et al. (1978) and Lehner and Pilaar (1997) presented observations from fresh outcrops in
lignite mines in the Lower Rhine Embayment (LRE), Germany. The sediments are not lithified
and the clays are soft, as the authors report clay being pressed out of the fresh cuts. Lehner and
Pilaar (1997) present a model for the development of injection-type clay smear consisting of two
overlapping fault segments that form a pull-apart structure into which the weak clay can move. This
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is accompanied by intensive host rock deformation by D, R and R’ shears influencing the overall
structure of the clay smear. This pull-apart injection model is supported by observations by Clausen
et al. (2003) from faults in Bornholm, Denmark; by Doughty (2003) from slightly lithified sediments
in the Rio Grande Rift, New Mexico, USA; by Faerseth (2006) from several large scale faults and
van der Zee et al. (2003) and van der Zee and Urai (2005) from outcrops in Miri, Sarawak, Malaysia.
Based on outcrop observations from the Hambach mine, van der Zee et al. (2003) developed the
mechanical clay injection potential algorithm (MCIP), which predicts whether or not a clay injection
is possible at a certain setting.
A model for less ductile clays and shales, the shear-type clay smear consists of two vertically
overlapping fault segments that successively incorporate and attenuate the clay with ongoing offset
(Aydin and Eyal, 2002; Doughty, 2003; Faerseth, 2006; Lindsay et al., 1992).
Burhannudinnur and Morley (1997) noted a distinct mixing of shale and cataclastic fragments in
the clay smear at outcrops in north-west Borneo, Malaysia. Grain scale mixing appears to be a
common process in faults in poorly lithified sediments (Bense et al., 2003b; Heynekamp et al., 1999;
Kristensen et al., 2013; Loveless et al., 2011) and is also noticed in analogue experiments (Clausen
and Gabrielsen, 2002; Noorsalehi-Garakani et al., 2013; Schmatz et al., 2010b) and numerical
models (TerHeege et al., 2013). Bense et al. (2003b) and Kristensen et al. (2013) additionally
noted a reorientation of grains along slip planes. Shale smears in lithified sediments show less or no
grain-scale mixing, but incorporation of wall rock fragments (Aydin and Eyal, 2002; Eichhubl et al.,
2005; Foxford et al., 1998; van der Zee and Urai, 2005). Such fragments are often subject to locally
increased shear stresses and thus strongly deformed (van der Zee and Urai, 2005).
Foxford et al. (1998) studied the structure and fault rock content of the Moab Fault, Utah, USA
at numerous outcrops. They described a highly variable thickness of shaley gouge (centimetre
to metre scale) and the fault rock in general, concluding that it is impossible to predict content
or thickness of the fault zone from observations, although the presence of shaley gouge might be
predictable. A critical SGR value of 20% for the Moab Fault is suggested, but the authors note
that empirical databases for individual fields are required to implicitly include sub-seismic effects
such as throw partitioning (Noorsalehi-Garakani et al., 2013; van der Zee et al., 2003).
An excavated fault zone in a sandstone/shale sequence consisting of lenses of clay and sand is
described by Childs et al. (1997) from a quarry in Lancashire, UK. Lenses can be clay dominated,
sand dominated or mixed, and in between the lenses the fault shows the respective wall rock.
This study shows the complexity of fault zones with multiple fault strands and the importance of
understanding the processes of fault development. Similar shale-rich lens structures of limited extent
were described by Vrolijk et al. (2005) within a fault zone rich in relays. These authors discussed
the effects of sedimentary architecture such as channels on clay smear evolution (cf. Davatzes et al.,
2005).
Doughty (2003) studied clay smears at the Calabacillas fault, Rio Grande Rift, New Mexico,
presenting a 3-D thickness map of the clay gouge, which was interpolated from numerous measure-
ments. He described several gaps in the gouge that are interpreted to be formed by secondary faults
and compromise the fault seal integrity.
The effect of multiple clay layers on clay smear continuity and permeability was studied by Childs
et al. (2007) in the outcrops of the Taranaki formation, New Zealand. Combined with theoretical
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considerations, it results in the formulation of the probabilistic shale smear factor (PSSF) that
defines the chance of encountering a hole at a certain position along the multilayered clay smear.
Mining in the Lower Rhine Embayment causes large gradients in hydraulic head, which are
monitored in detail. Bense and Van Balen (2004) used these data along with SGR estimations
in numerical groundwater flow models across a relay structure. Results imply that the faults are
sealing. Bense et al. (2003a) report on the groundwater flow associated with these faults, suggesting
they form baﬄes for cross fault flow and enhance vertical flow. An outcrop study in the nearby Roer
Valley Rift System (Bense et al., 2003b) reports that this heterogeneity is a result of disaggregated
sand bodies in the damage zone of the fault. Bense et al. (2003b) also propose pebbles in the fault
to cause holes in the clay smear and describe how clay smears are enhanced in volume by grain-scale
mixing.
In summary, most of these studies are restricted to vertical or horizontal profiles. For faults with
displacements of tens of metres, only relatively small portions of the clay smear can be studied in
detail because of outcrop size limitations. It is commonly seen that fault structures and clay smear
thickness can vary strongly over short distances, both along strike and dip. Despite the consensus
on this complexity the processes and structures associated with variations of clay smear structure
and thickness in 3-D are not well understood. Since outcrop studies investigating the entire faulted
sequence including clay source beds are scarce, we also have little understanding of the transition of
source bed to clay smear. One way to improve this understanding is to study clay smear in 3-D,
integrating data from source beds and the fault zone, finally aiming for a geomechanical model that
can explain the observed structure. This is almost non-existent at present, because of the difficulty
of finding suitable outcrops where throw values are in the range of feasible excavation depths, SGR
values are in the desired range and sediments are soft enough to allow excavation.
In this paper we present an outcrop study from the Hambach open-cast lignite mine, near Cologne,
Germany. Here, conditions outlined above are present, providing a world-class site to investigate
clay smears. We access faults in sand–clay layers in fresh outcrops which have never been buried
deeper than approx. 150 m, and have access to an excavator to prepare 3-D outcrops of selected sites.
We provide detailed observations of unlithified, faulted deltaic sand–clay sequences in excavated
outcrops in 3-D, including thickness distributions, observations of host rock deformation affecting
clay smear geometry, the effect of grain-scale mixing and potential clay smear disrupting processes.
We then discuss the interplay between structural and mechanical effects and the implications for
the evolution of clay smear.
8.2. Geological framework
The Hambach lignite mine is part of the Lower Rhine Embayment (LRE) in western Germany,
(Fig. 8.1; redrawn from Knufinke and Kothen, 1997) which formed in the European Cenozoic Rift
System (Ziegler, 1992), starting in the late Eocene (35 Ma) until the Pliocene. The thick lignite
layers that are mined today formed during the Miocene. Synsedimentary faults that were active
from the late Oligocene to Pliocene (Knufinke and Kothen, 1997; Prange, 1958; Quitzow, 1954)
play an important role in the LRE, as they control sedimentary architecture and often develop clay
smears in the soft sediments with a strong effect on groundwater flow (Bense and Van Balen, 2004;
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Bense et al., 2003b; Spiller et al., 2004). The LRE is still tectonically active today (Kübler, 2012;
Winandy et al., 2011) and groundwater drainage around the open pit mines causes heterogeneous
subsidence and potential movement on faults (Kübler, 2012). However, surface observations of the
mining operators indicate no recent activity on the studied Etzweiler Sprung fault.
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Figure 8.1.: SW–NE profile of the Lower Rhine Embayment including the Etzweiler Sprung. An arrow
points towards the location and depth of the outcrop. Modified after Knufinke and Kothen (1997).
Faults or fault segments with clay smear in the Hambach mine occur at a wide range of scales.
They include pebbles and fragments of brittle lignite that are incorporated into the clay smear and
can affect its structure and continuity. Clay layers range from metres to millimetres in thickness and
SGR values can be as low as 0.05. Thick clay source layers are continuous but thinner layers form
from rip-up clasts embedded in sand with strong lateral variation. This wide range of structures
makes it a perfect place for outcrop studies.
Extensive statistical analysis of 2-D outcrops in the Hambach mine were conducted by Navarro
(2002). He investigated three fault sections with throws between 4.5 and 40 m and outcrop lengths
between 20 and 330 m. Clay smear thickness data show log-normal distributions for all faults. Fault
roughness analysis implies that while there is a trend towards a power-law scaling, faults do not
follow a fractal scaling. Fault sections investigated by Navarro (2002) were located in a thick, brittle
lignite layer and joints in the lignite affected the geometry of the faults distinctly.
Clay smears from larger faults (up to 15–20 m displacement) and thicker source layers in the
nearby Inden mine that we excavated were not suited for the main purpose of this study as we could
only investigate very small parts of the faults (Fig. 8.2). However, some important observations came
out of these excavations: (1) The clay smear thickness varies distinctly between the investigated
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sections; (2) the fault zone can be very wide (as expected); (3) clay smears are layered, presumably
reflecting the original stratigraphy, and in some cases a thick zone of sheared sand is found between
two clay smears.
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Figure 8.2.: Two vertical sections of the Altdorfer Sprung fault with clay smear in the Inden lignite mine.
Displacement is about 15 m and the source clays cannot be specified. Distance between both sections is only
a few metres. Note the wide shear zone with thick entrained sand layer as well as the variation of clay smear
thickness.
8.3. Field observations
After a preparation phase with observations in selected locations, we focused our study on the fifth
floor of the Hambach lignite mine, about 150 m below surface level. The sediments here are at
their maximum burial depth without tectonic overprint after the normal faulting. Our aim was to
find faults with a low SGR and throw that allows the excavation of both source layers and the clay
smear. This range is predefined to about 1.8 m trench depth by security standards in the mines. If
we are looking for faults with SGR< 0.2, single-source clays have to be < 20 cm thick if the fault
throw is 1.0 m. The larger faults in the area have offsets of several metres, and in these we thus
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Master 
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smear
section 3.2
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clay sand
Figure 8.3.: Overview showing the excavation side. The master fault is depicted in red, while a black line
shows the associated synthetic fault at which the clay smears were excavated. Trenches 3 and 4 are visible.
cannot expose both source layers and the fault zone. Based on existing mine fault maps, we selected
a relay of the Etzweiler Sprung fault zone as the target of the detailed study as we expect a number
of smaller faults in this region.
In this area, we cleared off the top 30 cm of disturbed material with an excavator to expose the
main fault with a dip-slip of 8 to 10 m and we located the fault relay in which several synthetic
smaller faults formed in the hanging wall, offsetting thinner clay layers. Outside the fault zones, the
study area shows subhorizontal source beds dipping NW with < 5°. An overview of the excavation
site is shown in Figure 8.3. We focused on these smaller faults as they provide entire fault sections
including source layers on the hanging wall and footwall cut-off. Here, four trenches of 1.5 m depth
were excavated (map of faults, trenches and surfaces in Fig. 8.4). The walls of the trenches were
cleaned with large, sharp cutting tools to expose the clay gouge and deformation bands in the sand.
The seven vertical cross sections were named 1.1 (trench 1, NW section) and 1.2 (trench 1, SE
section), 2.1 (trench 2, NW section) and 2.2 (trench 2, SE section) etc. After this, we removed
the hanging-wall sand to expose the clay gouge in 3-D between section 1.2 and 2.1 (surface 1) and
between 3.2 and 4.1 (surface 2). Finally, at surface 2 the outcrop was sliced in 5 cm increments and
compiled to a 3-D thickness model (see Sect. 3.3). A summary of clay thicknesses, fault throws and
resulting SGR values are given in Table 8.1.
8.3.1. Excavated surfaces
Removal of the hanging-wall sand using brushes was possible since the sand is almost cohesionless,
whereas the clay is stronger and it is possible to brush the sand off it without it being deformed by
188
8.3. Field observations
Section Clay thickness [cm] Throw [cm] SGR
1.1 15(left)/25(right) 48(left)/54(right) 0.3(left)/0.46(right)/0.2(total)
1.2 17 54 0.3
2.1 19 57 0.3
2.2 – – –
3.1 – – –
3.2 30∗ 70 0.4
4.1 6 120∗ 0.05
4.2 20 90 0.2
Table 8.1.: Summary of SGR values in the presented cross sections. In section 1.1 two fault strands are
visible (cf. Fig. Fig. 8.8a), source clay thickness and throw values are given separately and SGR values
provided for each fault strand and for the total throw. Estimated values marked with ∗.
Surface 1
Surface 2
Trench 1
Trench 2
Trench 4
Trench 3
W
aldhof Sprung
Etzweiler Sprung 1
10 m
100 m
1.1
1.2
2.1
3.2
4.1
4.2
Etzweiler Sprung
Etzweiler Sprung
normal fault mapped with dGPS
normal fault not precisely mapped
documented trench wall / section X.Y
not documented trench wall
talus
X.Y
N
Figure 8.4.: Fault map of the outcrop at different scales. Trenches, vertical profiles and excavated surfaces
are indicated and numbered. Maps provided by RWE Power AG. Continuous fault line in large map derived
from differential GPS measurements. Dashed lines show location of imprecisely defined fault traces.
the bristles. This sharp change in material strength allows for preparation of clay smear surfaces
similar to the experiments by Noorsalehi-Garakani et al. (2013). In this way, we excavated two clay
gouge surfaces of 1.8 m2 (surface 1) and 3.8 m2 (surface 2).
At first look, both clay smear surfaces contain many sub-horizontal clay ledges with fine horizontal
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layering locally visible (ellipses labelled (1) in Fig. 8.5a and Fig. 8.7a). The clay smear surface
is coloured by yellowish iron hydroxides. Black striations (dashed lines labelled (2) in Fig. 8.5a
and Fig. 8.7a) are interpreted to be the result of the fault moving past lignite fragments and they
can deviate up to 10° from dip-slip. Vertical sections at both sides of the clay smear are shown in
Figure 8.5b, c and Figure 8.7b, c.
Surface 1 (Fig. 8.5a) is relatively smooth. In profile the clay smear is between 0.5 and 2.8 cm
thick, in a wider fault zone of deformed sand with anastomosing deformation bands. The source
layer is visible with both hanging wall and footwall cut-off.
At the top centre of the excavated surface a truncation of the gouge is visible (transparent red
area marked with a star, Fig. 8.5a). This hole in the smear was created by mistake during the
excavation process. However, we are confident that the rest of the excavated surfaces is undisturbed
because the sand separates very easily from the cohesive clay.
The sub-horizontal clay ledges with fine horizontal layering can be locally shown to curve into the
clay gouge which is made of multiple sheared clay layers separated by thin sand seams. Figure 8.6a
shows this in detail in the zone marked in Figure 8.5a, illustrating the different clay smear layers,
which are interpreted to have formed from different source beds (cf. conceptual sketch Fig. 8.6b).
At surface 2 (Fig. 8.7a) the clay gouge shows a rougher, patchier structure compared to surface
1. Clay patches on the surfaces occur in different shapes and sizes (e.g. transparent green areas).
Again the surface shows a reddish-yellow oxidation colour and black lignite streaks. The footwall
cut-off is located a few decimetres above excavation level and therefore not visible. Consequently,
the displacement is extrapolated from vertical section 4.2 (Fig. 8.8b), 3 m to the SE, to be 1–1.5 m.
Vertical sections at both sides of the surface are shown in Figure 8.7b, c.
8.3.2. Vertical sections (profile view)
Faults in the sand start out as deformation bands or disaggregation bands (Fossen et al., 2007).
Dilation of the sand enhances fluid flow and related bleaching causes the shear bands to appear
lighter in colour. At offsets above a few centimetres, bundles of deformation bands outline the faults.
Following the terminology used by Lehner and Pilaar (1997) we observe (1) D shears, which follow
the main fault dip, (2) Riedel, or R shears, which are oriented in a small angle to the main fault dip,
and (3) R’ shears oriented in a high angle to the main fault dip. These shears are clearly visible
with offsets in the millimetre to decimetre range. Where no clay is in the faulted section, the entire
offset is accommodated by a few D shears and a varying amount of R and R’ shears. However, once
a clay smear is present, shear can be localized entirely within the smear (no deformation bands in
the adjacent sand), can cross the smear from hanging- to footwall (bundles of deformation bands in
the sand at low angle to the clay smear) or be distributed between the clay smear and parallel D
shears. R and R’ shears in hanging- and footwall can offset each other as well as the clay smear as
described in the following paragraphs.
Vertical sections show that the anatomy of the studied faults changes over a few metres in both
stratigraphy and geometry. While section 1.1 (Fig. 8.8a) consists of up to four small offset faults
(25–50 cm offset) and footwall deformation is minor, at trenches 3 and 4 a larger fault strand with
more than one metre offset is dominant (Fig. 8.7b, c).
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(a)
(b) (c)
Surface 1
Section 1.2 Section 2.1
Shear Zone 
Boundary
10 cm
1 m
10 cm
clay
detail 
Fig. 6(1)
(2)
footwall cuto
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Figure 8.5.: (a) excavated surface 1 and corresponding vertical profiles, (b) 1.2 at the NW side and (c) 2.1
at the SE side. Shear zone boundaries are indicated by dashed lines in the profiles. Note the thickness
variation of the clay smear, with the thickest part in the middle of profile 1.2.
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Detail of Surface 1
clay 1
clay 1
clay 2
clay 2
clay 3
clay 3
clay 4
clay 4
(a) (b)
Figure 8.6.: (a) Detail of the SE side of surface 1 showing multiple thin clay veneers composing the bulk
clay smear. Colours added manually to distinguish different clay layers. (b) Sketch illustrating the layering of
clay smear with interbedded sand layers.
Sections 1.2 and 2.1 (Fig. 8.5b, c) at both sides of surface 1 are fairly similar. In both, source
layers in hanging- and footwall are visible, consisting of rip-up clasts of different sizes. In both
profiles a continuous smear consisting of a mixture of the sand and clay in the source layer developed,
with the thinnest part being close to the footwall cut-off. Deformation band density in the footwall
is lower than in the hanging wall. SGR is about 0.3. In section 1.2 the thickness of the fault zone
is quite variable (boundaries outlined by dashed lines in Fig. 8.5b, c): it is thinnest in the upper
part and thickest in the middle, where coincidentally the clay smear is thickest. In section 2.1 shear
appears to localize at the boundary of clay and sand, and bedding is horizontal up to the clay smear.
The clay smear in section 2.1 is overall thicker and shows no irregularities.
Sections 3.2 and 4.1 at both sides of surface 2 (Fig. 8.7b, c respectively) differ distinctly from each
other and from the sections in trenches 1 and 2. Section 3.2 consists of two clay smears composed
of deformed and coalesced rip-up clasts with a layer of sand sheared in between. The total offset
cannot be determined exactly, but the visible source layer thicknesses and offsets for both individual
clay smears suggest SGR values higher than 0.2. While the footwall does not show strong signs of
deformation, the sand in between the source layers is strongly deformed, with a high density of R
shears that terminate at stair-stepping structures in the upper clay smear.
Section 4.1 on the SE side of surface 2 consists of one visible clay smear (Fig. 8.7c). The hanging
wall cut-off shows one source layer with an estimated SGR of 0.05. The footwall is divided into two
zones by different deformation mechanisms. The upper part is dominated by R and R’ shears and
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Figure 8.7.: (a) shows the excavated surface 2 and corresponding vertical profiles, (b) 3.2 at the NW side (c)
and 4.1 at the SE side. In (b) a continuous sand smear developed between two continuous clay smears and in
(c) an intense footwall deformation is reflected in stair-stepping clay smear and strong variations in thickness.
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(a) section 1.1
fault strand 1
source clay
fault strand 2
50 cm
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section 4.2
stair-stepsFig. 18(a)
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source clay
Figure 8.8.: Vertical sections 1.1 (a) and 4.2. (b). (c) vertical section 5. This section was excavated during
a different field campaign, but at the same fault and elevation at the talus next to the excavation site.
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one D shear on the footwall side of the clay smear. R and R’ shears terminate in stair-stepping
structures at the footwall side of the clay smear. The hanging wall side of the clay smear is
comparably smooth. In the lower part of this section we observe fewer R’ shears and the D shear
described in the upper part is absent. R shears and diffuse deformation indicated by sheared lignite
seams imply a narrower shear zone compared to the upper part of Figure 8.7c. The hanging wall
side of the clay smear is now rougher and we observe a higher sand content in the smear, indicating
a stronger grain-scale mixing. Over the entire section the clay smear thickness varies, however,
we do not observe disruptions of the smear. A detailed interpretation of this section is shown in
Figure 8.13 and discussed in Sect. 5.1.
Two additional cross sections are shown from different field campaigns in the same mine and at
the same fault and level: (1) cross section 5 in Figure 8.8c (see Fig. 8.14 for interpretation) shows
stair-stepping structures at the footwall side of the clay smear and numerous R, R’ and D shears
forming two deformed clay smears; (2) we observed a thicker clay smear (∼ 10 cm thickness) with
brittle clay fragments entrained into the smear in a cross section during another field work in 2015
as shown and interpreted in Figure 8.20a, b.
8.3.3. Clay smear thickness distribution
The cleaning procedure has shown that over the two cleaned surfaces the clay smear is continuous
(a gap where the clay is absent would have shown up clearly by the brushing procedure). At the
north-western part of surface 2 we incrementally cut 13 sections with a distance of 5 cm and took
high resolution photos of each (examples shown in Fig. 8.9a–c). These photos are loaded into a GIS
software and scaled to fit a common reference system. Then the footwall and hanging-wall contact
between clay smear and host sand is interpreted with sampling distances of approximately 0.5 cm.
A clear boundary exists between pure sand, sand–clay mix or pure clay in the fault, so that there
is not much interpretation required for the digitizing. To extract the thickness of the clay smear,
XY data of both digitized traces are transferred to MATLAB (2015), where we rotated the traces
to a horizontal orientation, interpolated the digitized sampling points so that both data points in
both traces have the same X values, and then calculated the clay smear thickness (clay and mixed
sand–clay). Data from all 13 sections are finally interpolated to a thickness map using the integrated
interpolation algorithm (interp2) of MATLAB (2015). A graphical representation of the workflow is
shown in Appendix 8.A.
The thickness map (Fig. 8.9e) shows that the clay smear is patchy, with a gradual change between
profiles. A general trend is towards thinner clay on the lower left, but horizontally elongated thicker
patches are distributed over the entire area. Thick clay smear is located in the lower central part as
well as the upper 50 cm of the smear. However, even close to the footwall cut-off of the source clay,
thin clay smear (less than 1 cm) occurs in sections 3, 10 and 11. Plotting the measured thickness
data in a histogram (1mm bin size, N = 1131) results in a log-normal distribution similar to those
shown by Navarro (2002) from 2-D profiles. The histogram including a fitted log-normal distribution
and all essential data are shown in Figure 8.10. One has to consider, though, that a sampling bias
at the lower end of the range might affect the distribution Pickering et al. (e.g. 1995). Thinner clay
smear or holes may appear between sampling points and are then not resolved. However, visual
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Figure 8.9.: A thickness map of a section of surface 2 compiled from 13 vertical profiles (a–c). Location of
the thickness map in (d). Colour-coded thickness map (e). Thickness varies vertically and laterally. A trend
towards thinner clay smears appears at the lower left.
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inspection showed no holes in this part of the smear.
The excavated clay smear surface (Fig. 8.7a) as well as the sections show that the hanging-
wall side of the smears is relatively flat, while the footwall side is defined by numerous stair-step
asperities. A large sample of the clay smear (location shown in Fig. 8.7a) shows the 3-D geometry
of these stair-steps in detail (Fig. 8.11a). A photogrammetric 3-D model (Fig. 8.11b, image created
using Meshlab Cignoni et al., 2008) created using Autodesk® 123® Catch software is provided in
the Supplement (Sect. 8.C). These stair-steps create sudden changes in clay smear thickness and
determine part of the thickness distribution.
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Figure 8.10.: Histogram of 3-D clay smear thickness shows log-normal distribution.
8.4. Samples
Samples were taken as blocks from around the footwall cut-off of surface 1. Consequently, Sample 1.2
is a block taken from the left side of Surface 1 and Sample 2.1 from the right side. Both samples
were slowly dried and cast in resin to allow a sawing of the samples without damaging the clay to
provide surfaces that clearly show sand grains embedded in the clay smear. Very high resolution
photography then allows us to study the samples on sand-grain scale.
In Sample 1.2 (Fig. 8.12a, b) the source layer consists of rip-up clasts in mostly subcentimetre
scale with a distinct amount of sand in between. This sand is sheared and dragged into the shear
zone along with the clay, where we observe a composite clay smear consisting of sand and clay.
Several thin slip planes with minor displacement extend through the footwall side of the source
layer with some distance to the main shear zone (dashed lines in Fig. 8.12a). At the top of the
sample, i.e. the hanging-wall side of the clay smear located at the footwall cut-off, we note that the
highest sand content decreases further towards the footwall.
The source layer in Sample 2.1 (Fig. 8.12c, d) shows one thick clay clast of 5–8 cm thickness with
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a 1.5 cm thin layer of small rip-up clasts on top. This layer of rip-up clasts is entrained into the
shear zone and progressively mixed, resulting in a gradient of sand content, increasing towards the
hanging wall.
(a)
(b)
10 cm
10 cm
Figure 8.11.: Geometry of stair-steps at the footwall side of a clay smear (cf. Fig. 8.7a for location):
(a) shadows reveal the structure, light source in upper right corner; (b) oblique view at a 3-D model created
by photogrammetry – stair-steps resemble sudden changes in clay smear thickness. 3-D model is available in
the Supplement.
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(a) (b)
(c) (d)
Left side of Sample 1.2
Left side of Sample 2.1 Right side of 
Sample 2.1
Right side of 
Sample 1.2
cf. Fig. 
19 (b)
Figure 8.12.: Cleaned samples extracted from profiles 1.2 and 2.1. Each sample has a width of about 20
cm. (a) and (b) show both sides of sample 1.2; (c) and (d) show both sides of sample 2.1. Dashed lines
indicate the shear zone boundaries. Note the increasing amount of grain-scale mixing with greater distance
of the source clay. Red rectangle marks the detail shown in Fig. 8.19b.
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8.5. Discussion
8.5.1. Origin of stair-stepping geometries in clay smear
The studied faults are part of a larger fault system and are interpreted as synthetic faults in a relay
of a larger fault. The position in the relay is interpreted to locally enhance footwall and hanging-wall
deformation by R, R’ and D shears at some but not all faults. Where wall-rock deformation occurs,
it strongly affects the shape and continuity of the developing clay smears.
The interpretation that R and R’ shears are an essential part of fault zones with clay smear has
been proposed by Weber et al. (1978) and Lehner and Pilaar (1997) in similar outcrops of the LRE.
They observed R shears forming horse structures at the hanging wall side of the clay smear. These
steps in the lower part of the clay smear are the result of a process that van der Zee and Urai (2005)
called telescoping, a stepwise migration and shallowing of fault segments towards the hanging wall.
However, effects of R’ shears on clay smear are not visible in the outcrops of Lehner and Pilaar
(1997). Contrary to their observations, our outcrops rarely show any clay smear deformation on the
hanging-wall side but numerous stair-steps, always at the footwall side of the clay smears. Eichhubl
et al. (2005) interpreted these structures as the result of R shears in an intermediate stage of clay
smear evolution after which slip localizes sharply, following the general fault dip. Similar structures
were described by Çiftçi et al. (2013) and Giger et al. (2013) in cross-cuts of analogue clay smear
models. In the following we show observations of three different types of stair-stepping geometries
in clay smears (related to R shears, R’ shears or abrasion) and present models explaining their
formation and possible influence on the thickness distribution shown in Sect. 3.3:
1. In section 4.1 (see Fig. 8.13b for interpretation) we observe late R shears offsetting older D
and R’ shears on the footwall side, terminating in the clay smear and closely associating with
the characteristic stair-steps.
2. In section 5 (Fig. 8.14) we observe late-formed R’ shears causing stair-steps in clay smear.
These R’ shears with 1–2 cm displacement offset earlier formed D shears. While growing
across the footwall they cut through the undeformed source clay beds which provide weak
slip zones and allows the R’ shears to be almost horizontal. Finally, the R’ shears protrude
towards the main clay smear, offsetting the clay smear/sand contact in the footwall and hence
forming triangular stair-steps.
3. In dynamic observations of clay smear formation in sandbox models (cf. analogue models of
Noorsalehi-Garakani et al., 2013; Schmatz et al., 2010a,b) steps in clay smear were observed
to form without the presence of R or R’ shears as a result of fault segmentation and erosion of
clay lenses.
The model explaining observation (1) involves a highly strained clay smear with fully developed
D and R’ shears. In a later stage R shears on the footwall side continue to accommodate offset or
nucleate, truncating the clay smear and the older D and R’ shears (Fig. 8.15a). This is combined
with a redistribution of the shearing clay to maintain continuity. Where R shears truncate the clay
smear it locally becomes very thin. With enough offset on the R shears this process may be able to
form holes in a clay smear (cf. Sect. 5.5).
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sand-clay mixture
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Figure 8.13.: R shears in the footwall deform the clay smear in a stair-stepping pattern. Clay smear is
thinnest in elongation of the R shears. Intense grain-scale mixing at the hanging-wall side occurs in the lower
half of the section, coinciding with a D shear crossing the clay smear approximately at the position marked
by an arrow.
D
R
5 cm
D R
5 cm
D
R
5 cm
RD
5 cm
R’
D
R
R’
clay injection
5 cm
(a) (b)
(e)
(c)
(f )(d)
Figure 8.14.: Sketch illustrating the evolution of a clay smear with stair-stepping due to R’ shears. R’
shears are refracted to a very shallow dip within clay layers and offset the clay layers horizontally.
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clay smear
R-shear
R’-shear
D-shear
D-shears
1 2 3
2 3clay smear
D-shear
1
1 2 3
Origin of stair-stepping geometries in clay smear
(a): Dominant R-shears
(b): Dominant R’-shears
(c): Abrasion of clay lenses
Figure 8.15.: Possible origin of stair-stepping geometries in clay smear: (a) dominant R shears offset the
sand–clay interface and D and R’ shears (cf. Fig. 8.13), and plastic deformation of the clay smear is required
to preserve the clay volume; (b) dominant R’ shears offset the clay-sand interface and D and R shears (cf.
Fig. 8.14), and plastic deformation of the clay is required to preserve the clay volume; (c) clay lenses with an
abraded hanging-wall side can form stair-steps in the footwall in the absence of R or R’ shears. Clay is not
required to behave like plastic.
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A model explaining observation (2) is similar to the first model. In a first step faults develop
clay smears and associated D shears around the smears. Later R’ shears develop in the footwall
or continue to accommodate strain while finally truncating the clay smear with low angle dips
(Fig. 8.15b). As in the first model the clay in our outcrop has to be redistributed within the smear
to maintain continuity. At locations where R’ shears truncate the clay smear it can get very thin
and Kristensen et al. (2013) reported a clay smear that was disrupted by R’ shears with offsets
larger than the clay smear thickness.
Finally, observation (3) can be explained by a model consisting of two processes. First, a clay
lens is incorporated into the clay smear by fault segmentation (i.e. step-wise migration of the fault
dip towards the footwall). At this point there are steps on both hanging- and footwall side of the
clay smear. Secondly, continuing shear on the hanging-wall side of the smear then erodes clay at
the hanging-wall side (Fig. 8.15c). This results in a straight surface on the hanging-wall side, while
on the footwall side a step remains visible. This process forms stair-stepping geometries without
the presence of R or R’ shears and without offsetting existing D shears. No distinct thinning of the
clay smear occurs.
Two of the above models require a dynamic redistribution of clay within the smear, which is
best done by injection type flow of clay. A simple criterion to test if a clay is able to be injected is
proposed by van der Zee et al. (2003), the mechanical clay injection potential (MCIP) defined as
MCIP = σ
′
1(1− sinφ)
(2 cosφ)C , (8.1)
where σ′1 is the effective maximum principal stress, φ is the friction angle and C is the cohesion
of the clay. A MCIP> 1 indicates a possible clay injection. Clays in the fifth floor of the Hambach
mine have cohesions of around Cmin = 30 kPa to Cmax = 90 kPa and friction angles of φmin = 9° to
φmax = 14° (D. Dahmen, RWE Power AG, personal communication, 2015). The 150 m overburden
has an estimated average density of 1937 kgm−3 resulting in σ′1 = 2.8 MPa. The MCIP then
calculates to MCIPmin = 5.9 and MCIPmax = 19.6. This means that the stress-strength relation can
allow injection and it is likely that within the faults ductile redistribution of the clay can occur.
As stated before there are several empirical methods to predict the sealing potential of clay
smears, which are based on their actual deformed configuration. These methods are often criticized
for overlooking the mechanical and hydraulic behaviour of the sealing material. Based on numerical
simulations, Kleine Vennekate (2013) proposed a new methodology to evaluate the continuity of the
clay smear in a normal fault. This methodology takes into account not only the actual geometry of
the deformed clay but also considers the stress state and the shear strength of the low permeable
layer.
The evaluation of the stress state and shear strength follows the idea of the MCIP proposed by
van der Zee et al. (2003), which infers whether the clay deformation occurred under a tension or
compression regime for the lowest principal stress (σ3). The method by Kleine Vennekate (2013)
assesses two angles α and β in a principal stress σ1 and σ3 diagram shown in Figure 8.16. Both
angles relate the position of the stress state prior deformation to the Mohr–Coulomb failure criterion.
The angle α links them with the first principal stress axis (σ3 = 0), whereas β relates the stress state
and the Mohr–Coulomb criterion with the estimated stress path during deformation (horizontal
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line). A ratio βα < 1 implies that σ3 will be negative during the deformation, otherwise σ3 will be
positive. Figure 8.16 shows an example of two points with different stress states and different βα
ratios. The deformed configuration is considered by using the shale gouge ratio. Both criteria, βα
and SGR, are then plotted together with a curve that marks the limit between a continuous and
discontinuous clay gouge.
 
Figure 8.16.: Definition of parameters α and β and estimation of βα ratios for different stress states. Point 1
(p1) has a ratio βα < 1, whereas Point 2 has a ratio of
β
α > 1. Red line: Mohr–Coulomb failure criterion, blue
dashed lines: stress-path during faulting, green dashed lines: connects beginning of the stress-path during
faulting (i.e. p1 or p2) with the intersection of the failure criterion and the σ1 axis.
This methodology was followed to assess the continuity of the clay gouge in the excavated fault.
Figure 8.17a and b shows in a principal stress diagram (σ1, σ3) the Mohr–Coulomb limit state
line and the assumed stress path together with the angles β and α for c = 30 kNm−2, φ = 9° and
c = 90 kNm−2, φ = 16°, respectively. The ratio βα can vary from a value of 8 up to a value of 28,
implying that σ3 was positive during the deformation.
The continuity of the clay smear is then evaluated in Figure 8.18. Here the limit between
continuous and discontinuous clay smear is presented with the continuous line and the calculated
upper and lower limit of both SGR and βα are plotted with dashed lines. The shaded area represents
all the possible combinations of SGR and βα . According to Kleine Vennekate (2013) it can be
expected that the clay smear would be continuous, since this area is above the limit curve of the
continuous clay smear zone, which is in agreement with the field observations.
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Figure 8.17.: (a) Estimation of β and α for c = 30 kNm−2 and φ = 9°. βα > 1 means positive σ3.
(b) Estimation of β and α for c = 90 kNm−2 and φ = 16°. βα > 1 means positive σ3.
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Figure 8.18.: Evaluation of the continuity of the clay smear after Vennekate (2013).
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8.5.2. Evolution of layered clay smear
In places where the distance between two clay beds is large enough and the sand fails in shear (e.g.
section. 3.2, Fig. 8.7b), the interbedded sand layers are sheared along with the clay smears and
finally amalgamate to form a continuous sand smear. Based on simple mixture theory arguments,
the optimum for this is around 35% clay in the sheared section (Crawford et al., 2002), where the
porosity is minimal, with many thin clay layers more prone to amalgamation than a few thick ones.
An important observation was that some of the clay smears which we were able to mechanically
dissect into individual clay bands separated by sheared sand (e.g. surface 2, cf. Fig. 8.6) did in fact
look rather continuous in profile. We distinguish two cases:
1. Amalgamated clay smears may have patches consisting of masonry-like stacks of clay in sand –
with a tortuous sand path across the clay smear. Across- and along-fault flow is possible, but
was baﬄed due to the high tortuosity.
2. Individual layers of amalgamated clay smears may be continuous but maintain a thin sand
veneer in between. An effective conduit for along-fault fluid transport can be maintained,
while across-fault flow is hindered.
Aydin and Eyal (2002) suggested that clay layers merge when the throw is larger than the distance
between clay layers. In their case, however, brittle sands between softer clays do not form a sand
smear but are rather boudinaged sand fragments embedded in a composite clay smear. From this
distinctly different behaviour of faults it becomes clear that mechanical properties of sand and clay
are of great importance for the evolution of faults with clay smears.
Vrolijk et al. (2016) discussed the characteristic features and processes to be expected in different
sand–clay strength ratios (cf. strength matrix, their Fig. 27). Following this classification the
outcrops described by Aydin and Eyal (2002) plot in the lower left quadrant of Vrolijk et al. (2016)
strength matrix, where sands fail in extension and clays are weaker than the sands.
However, section 3.2 (Fig. 8.7b) of this study clearly shows that clay smears do not merge with
offsets exceeding the distance between source layers by far. This was also observed in centimetre-scale
outcrops by Kristensen et al. (2013) and analogue sandbox experiments by Schmatz et al. (2010a).
Both, our outcrops as well as the analogue models, are defined by sands that fail in shear and clays
that have a comparable strength, thus plotting in the upper left quadrant of Vrolijk et al. (2016)
strength matrix.
Aside from mechanical properties of sand and clay, geometries are of importance as well. Whether
or not clay smears merge depends on the distance between source layers, fault dip and shear zone
width.
Childs et al. (2007) developed a statistical approach to estimate the probability of breaching a
multilayer clay smear based on outcrop observations, the probabilistic shale smear factor (PSSF).
This approach calculates the probability to encounter a hole in the clay smear at a specific location
by investigating the same probability for each individual smear. Our observations however, imply
that in case of multilayered clay smears with comparable strengths of sands and clays where both
fail in shear, it is not required to have a disruption of all individual smears at the same position.
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Continuous sand smears can connect holes in different locations of the smears even at large
displacements allowing across-fault flow. Therefore, PSSF requires discontinuous sand layers between
the clay smears. While for the given material strengths a very high offset can lead to a complete
mixing of the sand into the clay smear, this is best achieved by strength-ratios, plotting in the lower
left quadrant of the Vrolijk et al. (2016) strength matrix.
8.5.3. Continuous clay smear from discontinuous source layers
In the Hambach outcrops, which are mostly composed of fluvio-deltaic sediments, the thinner clay
source beds consist of clay rip-up clasts (centimetre to decimetre scale), possibly formed in tidal
channels, embedded in a sand matrix. These layers can thus be quite permeable in an undeformed
state. Shear deformation during faulting strongly elongates the clasts and grain-scale mixing
increases the fraction of sand–clay smear, as shown in sample 2.1 (Fig. 8.19a). The high content
of sand in the smear in turn changes the strain partitioning as a higher sand fraction increases
the residual friction angle (Lupini et al., 1981) and shear strength (Vallejo and Mawby, 2000).
Thus, smears from individual clasts do not survive but are sheared, mixed and intermingled, and
with increasing displacement the clay smear continuity increases, with occasional larger sand lenses
enclosed in the clay smear (Fig. 8.19b). A similar process of mixing and amalgamation of clay
smears is inferred to cause a resealing of holes in individual smears (cf. mixing simulation, Sect. 5.4).
Assuming two or more clay smears, each of which has a hole at different locations being sheared
and mixed strongly, holes in one layer can ultimately be resealed by clay from another layer that is
continuous at the specific location, when the increasingly tortuous sand becomes discontinuous.
(a) (b)
10 cm 2 cm
incorporation 
of sand lenses
gradual increase 
of grain-scale 
mixing
Figure 8.19.: (a) Sand lenses are incorporated into a clay smear by grain-scale mixing and lead to increasing
thickness of the clay rich fault material. (b) A layer of loosely packed rip-up clasts embedded in sand forms
a continuous clay smear by grain-scale mixing. Due to the close spacing of sand and clay, grains are mixed
immediately during shearing. Note how the sand content increases with increasing distance to the source
layer.
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It is interesting to note that the rate of shearing, besides elongating clay fragments, may well
contribute to the rate of mixing, leading to interesting and yet unexplored couplings. This observation
fits well with the mechanical classification of the strength matrix by Vrolijk et al. (2016). On the
other hand, clay that is stronger than the surrounding sand and fails in extension produces clay
fragments which are entrained in the shear zone. Then they can be abraded, so that continuous
mixing with host sand and amalgamation of sheared clay fragments ultimately form a continuous
clay smear. In terms of fault seal development this implies that faults penetrating through clay beds
that are stronger than the surrounding sand can be full of holes at small displacements but reseal
with further offset. This process was observed by Schmatz et al. (2010a) in analogue experiments
with a cemented source clay bed (cf. their Fig. 10 and Holland et al., 2006).
8.5.4. Grain-scale mixing
Grain-scale mixing as an important process in clay smear development is mainly observed in small
scale faults and experiments. In the presented outcrops we observe intense mixing predominantly at
two structural elements of the faults: (1) at the hanging wall side of the footwall cut-off and (2) at
sand lenses that are either entrained into or deformed within the smear. To induce mixing between
clay and sand grains a shearing at the interface between them is necessary. This is always the case
at the footwall cut-off, where we observe an increase in sand content towards the outer part of
the clay smear (e.g. Fig. 8.12b). This process of clay abrasion and mixing was also observed and
described by dynamic observations in sandbox models by Noorsalehi-Garakani et al. (2013). They
additionally observed that mixing mostly occurred at the hanging wall side of the clay smear, which
is in accordance with our observations.
Mixing causes an increase of the total clay-rich volume and decreasing permeability as the clay
fills the space between sand grains (Bense et al., 2003b; Crawford et al., 2002; van der Zee, 2002). A
thickening of clay smears by mixing is also described by Schmatz et al. (2010b), Noorsalehi-Garakani
et al. (2013) and Clausen and Gabrielsen (2002) from analogue models as well as in discrete element
models by TerHeege et al. (2013). In terms of permeability, a mixed clay smear can be considered a
better seal as long as the clay volume exceeds the pore volume of the sand grains. With even lower
clay content the permeability of the mixture increases (Daigle and Screaton, 2015). An interesting
observation is that the total volume of the sheared material decreases (clay goes into the pores of
the sand), which may have important and yet unexplored consequences for the mechanics of the
system.
Careful comparison with the analogue and numerical models discussed above is consistent with
our field observation that the main source of sand mixed into the clay smear is located at the
footwall cut-off, where the source clay is abraded by the sand. We found no evidence that the
amount of sand in the smear increases with further displacement. This localized process of sand
incorporation into clay smear implies that the rate of mixing scales with the amount of sand–clay
layer interface; for the same amount of strain and clay in the faulted section, many thin source beds
will mix faster than a few thick layers.
To explore the effect of clay fragment size and rate of mixing on the evolution of sand–clay gouge,
we designed a simple simulation (Matlab, 2015; code in the digital Supplement, Sect. 8.C) where
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circular clay fragments in a sand matrix are subject to homogeneous simple shear. A detailed
description of this model and relevant figures can be found in Appendix 8.B. The results show a
logarithmic relation between the rate of mixing, distance between particles and the strain required
to produce an effective seal by mixing. The initial packing will have an influence on the required
strain as well as the distribution of mixing (e.g. stronger mixing at the top of clay fragments),
however this will be the subject of further research.
Other authors report that mixing has only a minor effect on clay smear development: in the
small faults described by Kristensen et al. (2013) mixing is minor, while Giger et al. (2013) report
that no mixing occurs in their direct shear experiments. However, in our samples (Fig. 8.12) as
well as in analogue models (Schmatz et al., 2010b) we clearly observe grain-scale mixing as an
important process for clay smear evolution. Quantifying the rate of mixing requires further study
and microscale analyses, as it will clearly depend on the clay brittleness (Ingram and Urai, 1999;
Vrolijk et al., 2016) and microscale deformation mechanisms.
Summarizing these observations, we propose that grain-scale mixing is a process that has its
importance in small scale faults with low SGR values and for weak sand and clays. For sands that
are stronger than the clay and for larger scale faults Noorsalehi-Garakani et al. (2013) propose an
incorporation and subsequent shearing of brittle fragments (cf. also van der Zee and Urai, 2005)
to be an equivalent to grain-scale mixing. Some of our observations support this hypothesis, as
cross sections including brittle lignite fragments clearly show a transport of the fragments into the
clay smear (e.g. Fig. 8.20), similar to pebbles entrained into clay smear reported by Bense et al.
(2003b). However, the importance of grain-scale mixing on large faults with thick clay smears is
largely unexplored and bears potential for future research.
(a) (b)
10 cm laminated silt-clay
sand 4
sand 3
sand 2
sand 1
shear bands
main clay smear
lignite
lignite fragments mixed 
into the clay smear
Figure 8.20.: (a) Vertical cross section on the fifth floor of the Hambach mine documented during a different
field campaign. Fault, rough location and elevation correspond to outcrops in this paper. (b) Interpretation
showing brittle lignite fragments transported into clay smear. Fragments appear aligned within clay smear.
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8.5.5. Clay smear termination
SGR values of the investigated faults are often below 0.2 and could therefore be discontinuous
according to literature (e.g. Yielding, 2002). In the profiles and excavated fault surfaces we found
small holes in clay smears twice, in a vertical (Fig. 8.21) and a horizontal profile (Fig. 8.22). In
both cases we interpret secondary faults offsetting the clay smears to be responsible for the holes.
This observation is in agreement with the strong effect of R and R’ shears on the clay smear shown
in Sect. 5.1.
Attenuation and tapering of the clay smear has been proposed to cause holes in the clay smear in
the CSP model. This structure was clearly absent in our observations. The thickness map of surface
2 shows the thinnest parts at the hanging wall cut-off and thickest parts closer to the footwall cut-off
(Fig. 8.9). Many other profiles (e.g. 1.2, 2.1 or 4.1) show an opposite thickness distribution with the
thinnest clay smears at the footwall cut-off. Thicker clay patches related to footwall deformation
are distributed over the entire clay smear volume (Fig. 8.9). Thickness maps (Çiftçi et al., 2013)
produced from direct shear analogue models using CT-scans are in agreement with this observation.
In summary, our observations show that for weak sands and clays, the thickening of clay smears
due to grain-scale mixing is more important than strain-related attenuation and termination. In
evolved clay smears, holes in the clay smear are rather the result of secondary faults offsetting the
clay smear or initial brittle failure of the source clays (and hence not producing a clay smear in the
first place), rather than disruption of the clay smear due to shearing.
(a) (b)
Clay 1
Clay 2
5 cm
Shear bands
holes in 
clay smear
Figure 8.21.: Hole in clay smear in a vertical section due to cross-cutting shear bands: (a) field photograph,
(b) interpretation of shear bands and clays.
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(a)
(b)
10 cm
10 cm
clay smear
hole in 
clay smear
shear bands
Figure 8.22.: Hole in a clay smear in a horizontal profile due to cross-cutting shear bands: (a) overview
photograph, (b) detail of (a) showing the hole at the cross-cutting shear band.
8.5.6. Upscaling to larger faults
Upscaling of observations towards larger faults is based on the idea that faults show a self-similar
geometry. Navarro (2002) studied lateral thickness distribution and geometries of clay smears in
lignite in the Hambach mine on faults between 4.5 and 40 m throw. He reported a tendency towards
power-law scaling of the faults roughness, but also noticed a deviation from fractal scaling. Torabi
and Berg (2011) came to the same conclusion, compiling data from numerous fault studies on
different scales. They propose the existence of critical displacements which define boundaries of a
hierarchal distribution of faults. One reason for this behaviour is found in fault interaction and
linking. While this variation on different scales can have an effect on some attributes discussed in
this paper (e.g. fault core thickness, see later in this section), other attributes such as the influence
of host rock deformation (i.e. R and R’ shears) are not well studied on different scales but may
show a power-law scaling. Furthermore, the fault attributes discussed in this paper are strongly
controlled by the mechanical properties of sand and clay and the contrast between them (Vrolijk
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et al., 2016). The interaction between both lithologies is similar for small and large faults, given
that the size of the studied system is sufficiently larger than the grain size.
Therefore, some of the observed clay smear processes can be upscaled to larger systems directly.
We propose that the influence of R and R’ shears on the clay smear structure and their potential to
form holes is similar in large faults when the relation between SGR and shear-zone width is in the
same order or may be even more important as mechanical stratigraphy causes a more complex fault
zone. Eichhubl et al. (2005) for instance reported the same stair-stepping structures at the footwall
side of a clay smear as shown in this study at a fault one order of magnitude larger. Sufficiently
detailed outcrop data of clay smears in seismic scale faults, however, are lacking and upscaling
towards these is tentative at best. Outcrop studies on large faults as provided by Faerseth (2006) or
Aydin and Eyal (2002) show similar structures and processes as smaller faults and therefore provide
a basis to transfer observations.
Grain-scale mixing cannot be upscaled directly, as grain sizes are the same for small and large
faults. Since grain-scale mixing requires shearing at the sand–clay interface, tens of centimetre-thick
clay smear may be much less affected by mixing than ones that are a millimetre to a centimetre
thick. An important factor here is the initial rapid increase of fault-zone thickness with offset
(Torabi and Berg, 2011). Numerous thin source clays contributing to a clay smear are expected
to be more prone to grain-scale mixing than one thick clay layer, enhanced by an increased shear
zone width resulting from mechanical stratigraphy (Schöpfer et al., 2006; van Gent et al., 2010). In
addition, as proposed in the previous section, mixing in larger faults may occur in stages, first by
mixing sand and clay rock fragments, followed by grain-scale mixing by further shear. In summary,
mixing is an important process in the evolution of clay smears, but it needs much further study.
We report observations for faults in this study that are one to two orders of magnitude smaller
than those described by Eichhubl et al. (2005), Faerseth (2006) or Aydin and Eyal (2002) but share
similar characteristic structures. Thus we hypothesize that detailed observations on small-scale
faults can be transferred to faults at least 1 order of magnitude larger.
8.6. Conclusions
We present a 3-D study of an excavated normal fault with clay smear together with both source
layers, in unlithified sand and clay of the Hambach open-cast lignite mine in Germany. The faults
formed at a depth of 150 m, and have shale gouge ratios between 0.1 and 0.3. The fault zones are
layered, with sheared sand, sheared clay and tectonically mixed sand–clay gouge. There are a few
small holes in the clay smear.
The thickness of clay smears is strongly controlled by deformation bands in the footwall. Where
deformation bands cross the clay smear they can create holes. The thickness of clays smear in two
excavated fault zones of 1.8 and 3.8 m2 are approximately log-normal, with values between 5 mm
and 5 cm. The 3-D thickness distribution is heterogeneous.
We show that clay smears are strongly affected by R and R’ shears, mostly at the footwall side.
These shears can locally cross and offset clay smears, forming holes in the clay smear, while thinning
of the clay smear by shearing in the fault core is less important. The thinnest parts of the clay
smears are often located close to source layer cut-offs.
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Models of tapering of the clay smear with increasing distance from the source layers are not
supported by our observations.
Commonly clay smear is one amalgamated zone of shared sand and clay. Layered clay smears
come in two types: one with continuous sheared sand between two clay smears, providing vertical
pathways for fluid flow, and one which consists of overlapping clay patches separated by sheared
sand that provide a tortuous pathway across the clay smear.
Grain-scale mixing is an important process for the formation of continuous clay smears from clay
fragments embedded in sand. This causes clay smears to thicken and reduces permeability. First
results from a simplified model suggest that the shear strain required for two clay fragments to
connect via shear and grain-scale mixing is a logarithmic function of the distance between clay
fragments and rate of mixing.
Our results, in agreement with some earlier studies show that fault geometry, layer architecture
and mechanical properties all play an important role in the evolution of clay smear.
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Appendix 8.A Workflow to determine clay smear thickness from cross
sections
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Figure 8.A.1.: Clay smear thickness is determined from orthogonal field photographs (a) of cleaned cross
sections. Clay-sand contacts are manually digitized (b) using GIS software. Data are then transferred to
MATLAB (c) and rotated to a horizontal orientation. Scattered data points are interpolated onto a denser
grid that allows calculation of the distance between hanging wall and footwall data points (d). Calculated
distances resemble clay smear thickness after a final scaling (e). The plot shows clay smear thickness along
the fault.
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Appendix 8.B Mixing simulation
The general idea of this model is to investigate parameters controlling grain-scale mixing in clay
sand sequences. As a basic geometry we chose a number of circular clay fragments with dimensions
in the order of millimetres to centimetres as observed e.g. in Sample 1.2 (cf. Fig. 8.12a), which
are embedded in a sand matrix (Fig. 8.B.2). This sediment package is then faulted with a certain
shear-band width using a simple simulation (Matlab, 2015; code in the Supplement, Sect. 8.C). With
increasing shear strain γ a sand–clay mixed seam around the fragments develops and increases in
thickness. We ran five series of simulations with initially circular objects representing clay fragments.
The rate of mixing is defined as m = ∆T∆γ , where ∆T is the change in thickness of the mixed seam
per unit shear strain and ∆γ is the change in shear strain. The thickness of the mixing seam at a
given shear strain is then T = γ ×m. Simple shear is then applied to the model and shear strain is
increased in steps of 0.05. This was done for five distances between clay fragments (0.1, 1, 2, 5 and
10 cm radius) and four rates of mixing (0.001, 0.01, 0.1 and 0.5). Using the intersections algorithm
(Schwarz, 2010) the code finds the strain at which the ellipses intersect (i.e. clay fragments touch).
While a mixing rate of 0.5 is certainly unrealistically high, it serves well for illustrating the procedure
(Fig. 8.B.3). The results show a logarithmic relation between the rate of mixing, distance between
particles and the strain required to produce an effective seal by mixing (Fig. 8.B.4).
clay fragments
sand-clay mix
sand
Figure 8.B.2.: Concept of the simulation model testing the effect of mixing rate and clay fragment size
on grain-scale mixing. Clay fragments embedded in a sand matrix are subject to simple shear. Sand–clay
mixing zone around clay fragments increases with strain.
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Figure 8.B.3.: Example results of the mixing simulations for clay fragment with 1 cm radius and distances
between fragments of 2 and 5 cm. Strain was increased until sand–clay mixtures surrounding the clay
fragments touch. Initial packings are shown as well as the sheared models at maximum strain. Larger
distances between fragments require higher strain at the same rate of mixing to connect via mixing.
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Figure 8.B.4.: 3-D plot relating rate of mixing and distance between clay fragments to strain required for
fragments to connect via mixing. With a mixing rate of 0, sheared fragments will never touch each other.
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8.C. 8.C – Digital supplement
Appendix 8.C Digital supplement
The Supplement related to this article is available on the SD card attached to this document, and
online at http://www.solid-earth.net/7/789/2016/se-7-789-2016-supplement.zip (doi:10.5194/se-7-
789-2016-supplement).
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9. Outlook
In this chapter I present and discuss preliminary results of investigations I started working on during
the last years but did not have the time to bring to a publishable state. However, these will provide
further ideas and hypotheses about processes influencing fault formation, geometry, permeability
and should be followed up.
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9.1. Nano-scale structure of clay smears
Clay smears are structures that are controlled by processes covering scales of several orders of
magnitude. While the formation of fault lenses in decimeter to meter scale is easily visible by the
naked eye and larger microstructures can be observed with thinsections (Clausen and Gabrielsen,
2002; Clausen et al., 2003; Kristensen et al., 2013), detailed structures in e.g. grain-scale mixing,
rotation or deformation of clay minerals requires scanning electron microscopy (SEM) to be optically
resolved in nm to µm scale. To date the only SEM images provided from clay smears are given by
Eichhubl et al. (2005) from outcrops and Crawford et al. (2002) and Crawford et al. (2008) from
experiments. However, the latest available technology of SEM imaging making use of Broad Ion
Beam (BIB) milling allows for creating distinctly better images at higher resolution, resolving finest
structures in clay minerals. Studying the nano-scale structures of clay smears is probably another
full PhD thesis, however I provide a few images from outcrop and experiment samples to illustrate
the potential of this method.
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Figure 9.1.: SEM images of an outcrop clay smear sample. A: Overview. B-D: Details showing deformed
clay minerals.
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9.1.1. SEM imagery of clay smears from outcrops
A sample taken from the Hambach lignite mine (see Chapter 8) was hardened with resin and a
sub-sample was cut out of it oriented parallel to the dip. The sample surface was then manually
polished to provide a good surface for SEM imaging. This method was previously used successfully
for pure clay samples. An overview and detail images are given in Figure 9.1. The overview image
(A) shows sand grains embedded in a matrix containing clay and silt. The sand grain surfaces
are uneven, reflecting the polishing process. Open fractures (black) are most likely the result of
drying of the sample. Crushed sand grains (e.g. Fig. 9.1B) are an artifact of the sample preparation
(sawing and polishing) rather than primary deformation. The clay smear formed in a depth of
approx. 150 m, which is not deep enough to provide stresses required for grain crushing.
However, bent clay minerals (Fig. 9.1C & D) indicate a deformation of the clay between the
rotating sand grains within the sheared zone. In order to achieve better results in the future a
more sophisticated method for sample preparation is required. The mixture of hard quartz grains
of various sizes embedded in a weaker matrix of clay minerals makes sample preparation very
challenging. A possible solution may be a very long Broad Ion Beam (BIB) milling rather than
manual polishing of the surfaces.
9.1.2. SEM imagery of experimental clay smears
The tabular clay minerals used in our experiments (kaolinite) tend to align horizontally in undeformed
clay layers. These clay minerals can be imaged using SEM very well as shown in Figure 9.2, where
fragments of a hardened clay layer were sprinkled on a microscope slide.
A B
C D
Figure 9.2.: SEM images of hardened kaolinite fragments, taken from an undeformed experimental clay
layer. A & B show a top view onto the minerals surface in overview and detail; C & D show a crossection,
illustrating the flaky shape of the clay minerals.
A sample of a thin clay smear was taken from a sandbox experiment and hardened with cyanoacry-
late. This allowed for sawing the sample parallel to the dip direction and subsequent BIB milling
for 8 hours to achieve a perfect surface for SEM imaging. Compared to the outcrop sample shown
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Figure 9.3.: SEM images of a sample of experimentally formed clay smear. A: BSE image. B: EDX element
map. It is clearly visible how far the cyanoacrylate entered the kaolinite.
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in the previous section this worked quite good, partly due to the smaller and more homogeneous
grain size distribution of the sand. Combining backscattered electron (BSE; Fig. 9.3A) images and
energy dispersive X-ray analysis (EDX; Fig. 9.3B) provides good information about the structure
and composition of the analyzed section.
The BSE image (Fig. 9.3A) shows a clear distinction between large sand grains (bright), the
embedding cyanoacrylate (black), the fine grained kaolinite (grain size < 10 µm) and a mixture of
kaolinite and cyanoacrylate that appears slightly darker than the pure kaolinite. The latter is an
artifact of sample preparation, where the very low viscosity cyanoacrylate partly enters the pore
space of the clay. However due to the low permeability and fast hardening times of the cyanoacrylate
it cannot saturate the entire clay. Using EDX (Fig. 9.3B) confirms this distribution of elements,
additionally showing a certain amount of NaCl embedded in the clay and some minor trace elements.
The images show a dextral shear sense, meaning the right side of the sample resembles the hanging
wall. The main clay smear thickness varies from 200 µm in the upper part up to more than 500 µm
in the lower part.
Mixing of sand grains with clay occurs gradually, the central clay smear is free of larger sand
grains, closer to the boundaries some sand grains float in the clay and show signs of rotation and
further outwards sand grains are only connected by thin clay bridges, or not connected to the clay
at all in this 2D section (however, they are possibly connected in 3D). Details of POIs are marked
by red rectangles in Figure 9.3A and shown in Figure 9.4.
Figure 9.4A shows the central part of the clay smear. Clay minerals are well aligned in shear
direction, only slightly disturbed by a small quartz grain producing a strain shadow where clay
minerals are misaligned. Closer to the boundary of the clay smear (Fig. 9.4C) quartz grains are
only partially embedded in clay and partially show open pore space. The alignment of clay minerals
follows the sand grain surfaces rather than the shear direction. Additionally, parts of sand grains
that are surrounded by open pore space often show a very thin coating by clay minerals (<10 µm).
Irregular clay alignment and the clay coatings on sand grains indicate not only a rotation of sand
grains but also suggest that sand grains can leave the clay smear again with ongoing shearing. Even
further towards the hanging wall (Fig. 9.4E) sand grain surfaces are widely uncovered, but grains
are often still connected by thin clay bridges.
This methodology of using SEM/EDX analyses on samples derived from well controlled experiments
can provide us valuable information the the evolution of clay smears on clay-grain scale and increase
our understanding of processes such as grain-scale mixing or permeability evolution in partially
mixed sand-clay. For that a detailed systematic sampling at interesting points along a clay smear is
required. This could be a fault lens, the rim of a hole in a clay smear or the fault cutoffs where clay
is abraded and transported into the clay smear.
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Figure 9.4.: Details of 9.3. A & B: Detail of the central part of the clay smear. Note the well aligned clay
minerals, only disturbed in the strain shadow of the quartz grain. C & D: Detail closer towards the boundary
of the clay smear where sand grains rotate into the smear. Foliation of the clay follows sand grain surfaces,
and clay minerals remain as coating on urfaces that are no longer in contact with the smear. E & F: At the
very outer rim of the smear sand grains are held in place by clay bridges only a few grains thick.
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9.2. Fluid pressure measurements to detect holes in clay smear
One idea to add on the flow measurements in the sandbox was to install an array of pressure
sensors beneath the evolving clay smear, aiming to detect the location of forming holes, or a general
distribution of hydraulic head related to clay smear structure. In the following I present preliminary
tests showing that such measurements and data interpretation is possible, at least for a small, simple
and with homogeneous clay thickness. However, with starting experiments in the large sandbox it
became clear, that the realization of this would be quite a bit more challenging. Problems include
(i) varying distances between the sensors and the clay smear due to fault back-stepping and (ii) a
highly complex thickness distribution of the clay smear. Unfortunately, time is always limited, so
until now I was not able to implement systematic pressure measurements.
9.2.1. Test cell
The test cell was designed to test the sealing of clay to the bounding walls as well as the monitoring
of pressures and bulk flux. Its inner dimensions are 10 x 10 x 20 cm. The box consists of three
segments (see Fig. 9.5), that can be connected subsequently, allowing a part by part filling with
sand and clay. At different positions around the cell connections to attach pressure sensors via tubes
are mounted. A metal rod allows creating a hole into a sealing layer in the middle of the volume.
To set up an experiment, at first the bottom segment is filled with water-saturated sand (Fig. 9.5
a). After flattening the sand surface bar spacers get installed, which allow to bring on a thin clay
layer (1 mm thickness) extending wider than the sand surface (Fig. 9.5 b). Then the upper part is
mounted including the metal rod to pinch the clay and metal tubes with filter-stones (1.5 cm away
from clay) to connect the pressure sensor (Fig. 9.5 c). The upper part is then also filled with water
saturated sand and the surface flattened (Fig. 9.5 d). A water tight cap with a valve for the outflow
finally covers the top of the cell. Figure 9.5 (e) shows the final setup with the inflow at the bottom,
the clay layer and pressure sensor in the middle and the outflow at the top of the cell.
A pressure gradient is then applied by elevating the reservoir on the inflow side. Thus, a flow
through the clay towards the outflow side is initiated. An increase of pressure can be measured as
well as the outflow-volume over time. Then a hole is poked through the clay layer, creating a hole
and thus a locally increased pressure that can be measured with the pressure sensors as well as by a
higher bulk flux. Figure 9.5 (f) shows an excavated clay layer after the creation of a hole.
9.2.2. Experiment with one sensor
A first experiment with only one sensor shows the general ability of the measurement setup to
detect small pressure changes due to changes in clay permeability due to formation of discontinuities.
The setup consists of 8 cm sand, a sealing layer of 1 mm clay with 40 wt% of sand (the same
as used in most of our sandbox experiments) topped by another 8 cm sand. The entire setup is
water-saturated.
Figure 9.6A shows the data collected by the pressure-sensor in form of a pressure over time plot.
The strong pressure changes in the first 30 - 40 seconds are due to the initial setup of the pressure
gradient of about 250 Pa (i.e. an elevation of 2.5 cm). Then for about 160 seconds no changes were
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Figure 9.5.: Subsequent images showing the setup of the test cell. (a) The lower sand unit and bar spacers
were emplaced. (b) The 1 mm thin clay layer was added. (c) The upper part of the cell including the
pressure-tube and the metal rod to punctuate the clay was installed. (d) The upper part was filled with sand
and water. (e) The final setting of the cell, showing inflow, outflow and the connection to the pressure sensor.
(f) The excavated clay surface after the experiment. Fissures at the boundaries are caused by the excavation.
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Figure 9.6.: A: Overview of the measured pressure data. B: Detail of the pressure data around the hole
creation. The raw data are shown as well as the different used filters. The distinct 0.5 Hz signal is caused by
the bulging of water before dripping from the outflow tube. Creation of the hole caused a pressure rise of
about 20 Pa.
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done to the experiment to show the homogeneous flow through the sand clay package. At around
second 190 a hole was created by using the metal rod. This led to a pressure increase of about 20
Pa (see also Fig. 9.6B), measured by the pressure sensor.
Figure 9.6B shows a detail of the data around the time of hole creation. A 0.5 Hz signal with
an amplitude of about 20 Pa is visible in the raw data (white line). This is caused by water drops
that bulge about 2 mm before dripping from the outflow tube. A simple smoothing algorithm of
matlab® (green and pink lines) decreases this influence, but a butterworth bandpass filter applied
on the smoothed data fixes it almost totally (yellow line).
Thus we could show that measuring very small induced pressure changes within a clay-sand
sequence is possible with high accuracy, even if external influences like the effect of out-flowing
water is as strong or stronger than the signal to detect.
9.2.3. Experiment with four sensors
Here an experiment using four sensors at different positions is described. The general setup is
the same as in the experiment before. The pressure gradient was applied by elevating the upside
reservoir by 2 cm, then after a while (at second 20 in the plot) a hole was induced by moving the
metal rod. As expected the sensors in different distanced from the hole show different responses to
the following increase of pressure (see Fig. 9.7). Channel 1 and 2 (white and blue lines) are the
most distal sensors and hence show the lowest increase of pressure (11 to 12 Pa). Channel 4 (red
line) is the closest to the hole and shows the strongest increase of about 17 Pa. Channel 3 (green
line) in an intermediate position responded with an intermediate pressure increase of 15 Pa.
The observed pressure distribution is as expected. Although the sensors are in different distances
to the hole, the distance between the individual sensors is rather small in this setup. Due to these
small distances the pressure difference between the sensors is only in the range of a few Pa.
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Figure 9.7.: The pressure data of the four sensors after taring and filtering. The creation of the hole around
second 20 is distinctly visible as well as the pressure rise afterwards. Channels 1 and 2 have the same distance
from the hole and are thus at the same pressure level after the hole creation. Channel 4 is closest to the hole
and has thus the highest pressure.
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Applying a kriging algorithm on averaged pressure values for the individual sensors allows a spatial
interpolation of pressure data, assuming that the pressure is distributed radially. Figure 9.8 shows
the result for this experiment. The color bar indicates pressure changes. Data are known for the four
sensors, and assumed to be zero at the boundaries. Using the algorithm results with a interpolated
maximum located between all four sensors, but shifted slightly too much towards sensor 3. Since
the total difference between all sensors is only 5 Pa, such a shift can be expected with very small
errors. Thus we consider these results as very good, especially because the distance between the
sensors in the sandbox will be larger, thus reducing the ratio of sensor-to-sensor-pressure-difference
and single-sensor-error.
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Figure 9.8.: Interpolated pressure distribution at the level of the sensor-tubes. The position of the sensors
on the horizontal plane is indicated. Values measured at the individual sensors are in a kriging algorithm to
interpolate pressures in between. The calculated pressure maximum is not perfectly in the position of the
hole but quite close. Since the difference between the sensors is only a few Pa, a certain error is to expect.
9.3. 3D structure of fault zones with clay smear
The more we study faults and processes related to faulting the clearer it becomes that we have to
integrate the entirety of the three-dimensional complexity of these fault zones with the investigated
processes. This will reveal the set of processes leading to and enhance our understanding of e.g.
holes in clay smears. We achieved good results both in the field and in experiments by using
sequential images (i.e. horizontal or vertical slices) that can be loaded in a 3D modeling software
and then allows for interpreting structures like faults, layers or clay smears.
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9.3.1. 3D structures in the sandbox
As in the outcrops, in laboratory sandbox experiments of clay smearing sequential slicing and
photography is a good way to produce data upon which a 3D model can be build. However, due to
constructional restrictions in the sandbox the slices have to be cut horizontally. This has several
disadvantages: (1) It is very difficult to produce plane and horizontal surfaces. (2) The vertical
structural resolution is not as good (defined by spacing of the slices), which is unfortunate as the
vertical variability is higher than the horizontal. Nevertheless, we can learn a lot from these 3d
models.
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Figure 9.9.: A: Scaled and referenced photogrammetric 3D models of the sand surface and clay smear
surface. B: Interpretation of different fault strands. Blind faults and small scale lenses cannot be resolved;
hence the actual fault zone may look different. Color code of the surfaces represents depth. C: Top view
photo showing bleached deformation bands in the fault zone during slow drying of the sand. These are used
to interpret faults. D: Combination of 3D clay smear surface and horizontal slices (photographs) that allow
fault interpretation (colored lines) using a seismic interpretation software. E & F: 3D model of clay smear
and interpretation of faults. Color code of the clay smear model represent dipping angle.
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A first try to reconstruct a 3D model of a fault zone was done on an experiment with only 25 mm
displacement. Photogrammetric models of the sand surface and the excavated clay smear surface
were combined in a common scale and reference position using OpendTect (Fig. 9.9A). The small
offset allows the first order correlation of most larger structures from the clay to the sand surface
and hence a rough 3D representation of the fault zone (Fig. 9.9B). Smaller fault lenses and blind
faults obviously cannot be resolved here, and the interpretation of faults may be corrupted by
overlooking these.
For more advanced 3D reconstructions we made use of the facts that deformation bands in the
slowly drying sand appear bleached (Fig. 9.9C) and can be traced across numerous horizontal slices.
This allows for reconstructing the individual fault strands. A combination of careful slicing of the
overburden sand, subsequent excavation of the clay smear and finally combining the slices with
a photogrammetric 3D model of the clay smear shows very good results in terms of correlating
structures in the clay smear with 3D fault zone geometry (Fig. 9.9D). A limit to this method is set
by high density deformation band clusters, in which the individual bands cannot be distinguished
anymore.
Models as those shown in Figure 9.9D and Figure 9.9E & F imply that fault strands that get
close to the clay smear coincide with holes in the clay smear and hence point to an important
role of shears (possibly crossing the clay smear) in formation of holes. This would fit well to our
observations of holes forming by crossing shear in outcrops of the LRE (Section 8.5.5). Higher
resolution models created from vertical slices will in the future allow even better results and may
provide insights in processes like grain-scale mixing and re-shearing of clay fragments.
9.3.2. 3D structures in the field
During the work on clay smears in outcrops of the Hambach lignite mine (cf. Chapter 8) we
recognized the importance of the 3D structure not only of the clay smear but also of secondary
faults and shears (e.g. Riedel shears) affecting the clay smears. Realizing this led to another field
campaign in the same setting of the Hambach mine as described in Section 8.2 with the specific
goal to subsequently slice several meters of a fault with clay smear following the fault strike. Each
slice contains the structural record of the hanging wall, clay smear and footwall and is documented
photographically. Using laser beam mounted to a fixed point on gridded cards in each photo allows
referencing all images in size, distortion and position.
With the experience gained in the previous work we were able to find a suited segment of the
Etzweiler Sprung fault and within one day we sequentially sliced approx. 5 m of this fault in
two trenches working towards each other. At the final stage two meters of material between both
trenches remained not sliced. Distances between individual slices are 10 - 15 cm. Unfortunately, I
couldn’t yet find the time to actually do the 3D reconstruction, and so you find this section in the
outlook chapter. Examples of rectified and scaled images are shown in Figure 9.10 and 9.11.
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Figure 9.10.: Subsequent slices of a fault with clay smear in the Hambach lignite mine. All images are
rectified and scaled.
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Figure 9.11.: Subsequent slices of a fault with clay smear in the Hambach lignite mine. All images are
rectified and scaled.
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9.4. General Outlook
Of course there is an ever growing number of additional methods and techniques we can use to study
faults and fault processes, widely exceeding the ones mentioned above. In the future we will test the
effect of failure mode transition on all kinds of structural discontinuities such as domes, reverse faults
or strike-slip faults. With both clay smear and dilatant faults we will explore the effect of oblique
faulting, which is right now starting to get attention in the community. Using transparent materials
or X-ray scans in sandbox models will provide us with better information on 4D fault evolution.
Utilizing a dense network of pressure sensors in the sandbox to monitor fluid pressure in cross-fault
flow experiments to detect holes will be implemented in the flow measurement experiments. In
addition, pumping test with local discharge within the sandbox can be of value. Flux and pressures
can be interrogated for hole formation for example with more advanced oscillating pressures tests.
Numerical methods are advancing fast and we will benefit equally from better flow simulations
and geomechanical models, or even combined approaches. In general we will benefit from a better
integration of numerical simulations, analogue modeling and outcrop studies. The next generations
of BSc, MSc and PhD students will probably come up with even more fantastic ideas.
I will finish the scientific part of this thesis with a self-explanatory figure describing possible
future integration of research:
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10. Closing words
You made it! You reached the end of this, admittedly quite lengthy, work. There are three options
how you could have gotten here. First: You haven’t read anything of this thesis at all. Then, go and
read at least the abstract! Second: You read the abstract and/or the introduction. Great, then you
know the aims and the major findings of my work. Third: You actually read everything. Respect!
You know everything. Either way, there are many instances of conclusions and summaries in this
thesis and I find it not only redundant but annoying to repeat everything again here. So I won’t.
Just so much: I went from showing typical geometrical changes of faults caused by failure mode
transition, to showing how large dilatant faults form in the Canyonlands National Park, to showing
that vertical pre-existing joints strongly change the geometry of faults further. I showed that salt
can flow downwards into dilatant faults and affect seismic event magnitude and frequency. I showed
that hybrid failure in clay smears causes a very distinct across-fault flow response with high fluxes
early during fault development and resealing at later stages. And finally I showed deformation
processes in shear mode clay smears from outcrop data, pointing out the complex 3D thickness
distribution of clay smears that is in fact much more heterogeneous than assumed by most fault seal
predicting algorithms. This concludes the full path from dilatant faults over hybrid mode faulting
to shear faulting.
On reflecting the last four years I noticed that, while the euphoria of the first months slowly
turned into the realism of a PhD thesis, the expectations of my work changed from solving all
problems of faults and clay smears to a more realistic pushing the limits of smaller aspects on a
variety of existing problems.
To do so, I began working on countless smaller and larger projects over the years. Some of them
I finished, or whatever the state of a project is called, where a paper is published but besides
answering one just raised a bunch of new questions. And some of them I didn’t finish, which is
reflected in the length of the outlook chapter.
However, I believe I made a change to our group and brought some good ideas out to the
community, and by doing that I also developed myself, both as a person and a scientist. But
satisfaction is the key to stagnation, so at the very end I have to say, I’ll probably never be really
satisfied with my work. Nevertheless, for now I did my very best and I am happy with what I achieved.
And again, to everybody who helped me in the lab, the field, the office or to forget it all:
Thank you!
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Appendices
A. Flash-drive
The enclosed SD flash-drive contains:
1. a digital version of this document as PDF file
2. all figures as high resolution vector graphics, sorted in a folder structure according to the
numbering of this document
3. movies of experiments
4. GIS files of maps used in Chapter 4
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